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Preface

The creation of Twin Research for Everyone originated from a Hungarian twin 
research book, edited by Adam and David Tarnoki. It quickly became clear that a 
book on twin research, targeted to students and scholars brought together cutting-
edge research from international contributors to the widest possible audience, as 
needed. The Tarnokis noted the necessity for such a book and through discussions 
with Nancy Segal during a 2015 twin research conference in Osaka, Japan, plans for 
this book began to take shape. Segal enthusiastically supported this idea and agreed 
to serve as a co-editor. Jennifer Harris, the president of the International Society 
for Twin Studies, was also asked to be an editor. Once the four editors selected the 
topical content, invitations for chapters were sent to leading researchers in the field. 
All invited authors accepted the invitation to contribute to this unique book. Two 
of Elsevier's editors—Samantha Allard and Peter B. Linsley—gladly took on the 
project and worked with us over the 3-year period required for its completion. We 
hope your reading experience will be informative and inspiring!
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Introduction to twin research for 
everyone: From biology to health, 
epigenetics, and psychology

Adam D. Tarnokia, David L. Tarnokia, Jennifer R. Harrisb, Nancy L. Segalc
aMedical Imaging Centre, Semmelweis University, Hungarian Twin Registry, Budapest, Hungary

bCentre for Fertility and Health, The Norwegian Institute of Public Health, Oslo, Norway
cDepartment of Psychology, California State University, Fullerton, CA, United States

Twin research has transformed our understanding of the influences that affect human 
health, development and aging. As illustrated by this book, this is a particularly exciting 
time to be studying twins. Novel analytical methods coupled with large and diverse 
types of data collected in twin studies worldwide provide new and unique opportunities 
for elucidating the complex factors that help answer some of the most important 
questions confronting science. For example, why do we age differently or what factors 
explain human variation in health outcomes? Twinning rates have soared dramatically 
in recent years, at least in western nations. Why that has happened is a fascinating 
story that you will learn about in this book. More and more countries are establishing 
twin registries1 and researchers all over the world are using twin models to disentangle 
genetic and environmental influences on behavioral, medical, and physical traits. 
However, interest in twins has also grown among political scientists, religious scholars 
and economic researchers who study twins to learn more about the bases of political 
attitudes, participation in religious activities and how years of education affect earnings. 
The editors of Twin Research for Everyone: From Biology to Health, Epigenetics, and 
Psychology believe that virtually any study can be made more informative when data 
from identical (monozygotic or MZ) and fraternal (dizygotic of DZ) twin participants 
are included. We hope that when you finish reading this book you will understand the 
value of twin studies and why they continue to play such an important role in research 
across a wide span of scientific inquiry.

It is important to recognize that findings from twin studies are not just for twins—
most research findings, except for those related to the unique conceptions and birth 
events of twins, apply to everyone. The classic twin design—comparing the degree 
of resemblance between identical and fraternal twin pairs–is best thought of as a 
model for identifying and understanding the influences that explain why we differ 
from one another across a broad spectrum of human traits. However, growing up as a 
twin is another key aspect of twin studies that continues to be the focus of a great deal 
of research. Not everyone is raised alongside a same-age brother or sister, a situation 
that warrants special attention from parents, educators and counselors. You will learn 
what having a twin is like in the chapter, “Growing Up as Twins: The Perspectives 
of Twin Researchers.” The contributors to this chapter, some of whom are editors of 
this book, became interested in twin studies because of their personal experiences 
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and knowledge of what twinship means, and their desire to know more about who 
they are and how they got that way.

The sections and chapters of Twin Research for Everyone unfold in a logical se-
quence. After this Introduction, we begin with Section I on background. This section 
includes Chapter 1, on the history of twin studies, that describes how the field began 
and how it has progressed. Chapter 2 looks at twinning rates throughout the world. 
Identical twinning occurs at about the same rate regardless of country or ethnicity, 
but the fraternal (non-identical) twinning rate varies a great deal. This discussion is 
followed by Chapter 3 on twin registries worldwide that explains why twin registries 
are such valuable resources that help researchers conduct their work.

Section II focuses on the phenomenology of twinning. Chapter 4 explores 
biological aspects of twinning, chapter 5 concerns the management of twin pregnan-
cies, and chapter 6 provides special insights related to conjoined twins. Section III 
features chapters that address different aspects of twins in families. Chapter 7 pres-
ents personal twin and family perspectives, which may be most interesting for those 
readers who are twins or twin parents themselves. Chapter 8 discusses issues relevant 
to the parenting of twins, and Chapter 9 focuses on the very interesting topics sur-
rounding reared-apart twins and switched-at-birth twins. Chapter 10 covers research 
topics related to opposite-sex twins, which is a group that is often neglected in the 
twin-based literature.

Section IV presents twin methodologies. These chapters are intended for all stu-
dents, but especially future twin researchers and statisticians. Chapter 11 looks closely 
at the establishment and management of twin registers. Chapter 12 introduces basic 
and advanced concepts and analytical approaches used in twin research. This back-
ground is important for understanding results from twin studies which are described 
in several later chapters in the book. Chapter 13 provides an overview of findings from 
twin studies of complex traits and diseases that are based largely on the approaches 
described in chapter 12. This includes discussions of sex differences in heritability 
and gene-environment interplay. Chapter 14 enriches the methodological content and 
describes the use of twin studies to make inferences about causation. This section ends 
with Chapter 15 which discusses the use of clinical trials in twin research.

Section V focuses on twin studies of behavior and summarizes findings spanning 
a wide range of behavioral traits. Chapter 16 is concerned with what twin studies 
tell us about the social sciences, especially political attitudes, Chapter 17 discuss-
es the development of childhood psychiatric disorders, and Chapter 18 focuses on 
well-being. However, there is much more to come. Chapter 19 offers an overview of 
personality research, Chapter 20 examines psychopathology, Chapter 21 discusses 
cognitive aging, and Chapter 22 addresses tobacco use and smoking behavior. You 
will see that a twin research perspective adds immeasurably to what we know, and 
what we can know, about these behavioral traits.

Section VI of Twin Research for Everyone includes chapters on health-related 
topics. Chapter 23 reviews anthropometric studies of twins, Chapter 24 examines car-
diovascular characteristics, and Chapter 25 offer insights from pediatric twin studies. 
Health-related topics are continued in Chapter 26 which addresses twin-singleton 
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differences, Chapter 27 considers studies of puberty, and Chapter 28 presents twin 
studies of musculoskeletal traits. This section concludes with additional areas of in-
terest. Chapter 29 highlights contributions of twin studies to cancer epidemiology, 
Chapter 30 focuses on epigenetic studies of neurodevelopment (epigenetics is a topic 
revisited in the next section) and Chapter 31 reviews how twin studies have contrib-
uted to our knowledge about dementia.

Section VII is the penultimate part of this book, taking a close look at twin re-
search that uses diverse types of genetic and other omic data. Chapter 32 describes 
the new role of twin studies in multinomics, Chapter 33 provides additional informa-
tion on epigenetics, and Chapter 34 discusses how a co-twin control study of space 
travel was used to explore changes in telomeres as reflective of aging. The last chap-
ters in this section include Chapter 35 which considers environmental factors affect-
ing neurodevelopmental disorders, Chapter 36 which introduces the microbiome and 
twin studies, and Chapter 37 which describes chromosomal disorders.

Section VIII is the final portion of Twin Research for Everyone. It provides a sum-
mary and concluding statement jointly authored by the four editors, commenting on 
what we have learned from twin studies, and what new avenues they may hold in the 
future. The appendix provides various resources, such as twin-based books, websites 
and organizations which should be helpful to many of you. But before you begin 
reading, it is important to know and acknowledge some of the brightest and darkest 
events that have occurred over the years. The bright times help us understand how 
and why twin research has progressed as it has, while the dark times are reminders of 
the care and attention that our twin research participants and their families deserve. 
References are provided below for anyone wishing additional information on these 
topics.

There have been mostly bright moments in the history of twin studies that we can 
all celebrate—among them are Sir Francis Galton's discovery of the twin method in 
1875; the first report of reared-apart twins in 1922; formation of the International 
Society for Twin Studies (ISTS) in 1974; launching of the International Twin Work-
shops on Statistical Genetic Methods for Human Complex Traits, which started in 
1987 and continues today to train researchers worldwide interested in learning twin 
methodology, and the 340-day stay of identical twin Scott Kelly at the International 
Space Station, in 2016, while his brother Mark remained on earth for comparative 
study. Unfortunately, there are also some dark sides to twin research that warrant 
mention so they will never be repeated. They include the brutal medical experi-
ments conducted on twin children during the Holocaust by Dr. Josef Mengele, at 
the Auschwitz-Birkenau concentration camp2; a tragic longitudinal comparison of 
an accidentally castrated identical male twin, raised as a girl, and his uncastrated 
co-twin3; a controversial study of separated infant twins in New York City who 
were secretly studied for twelve years without their families’ knowing they were 
twins4,5; and a heated debate over whether IQ data gathered on separated British 
twins reflected intentional fraud or clerical error.6 You can read about these events 
in the references cited below. It is the responsibility of all researchers to make 
certain that such activities, conducted in the name of research, are never repeated.



xxxviii Introduction to twin research for everyone

To help understand the myriad aspects and complexity of issues related to twins, 
either as a parent, a researcher, a twin or an interested individual, we recommend this 
comprehensive book to you. We hope that as you read Twin Research for Everyone, 
you will sense that certain chapters were written by researchers who are twins them-
selves, who are great enthusiasts of twin topics. We hope this compilation of work 
sheds light on why twin research is so vital, illustrates the enormous contributions 
twin research has made across many fields of study, and highlights why twin regis-
tries are, and will continue to be, invaluable research resources for years to come.
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1.1 Twins
A small proportion of human pregnancies result in two offspring—something 
like 1% of pregnancies worldwide, varying across subpopulations in the range 
of ten percent to six-tenths of one percent. Multiple births greater than two do 
occur but are much rarer. A pair of offspring from a single human pregnancy are 
called twins.

Twins are likely to be recognized as a distinct category in any population large 
enough for the occurrence of a number of multiple births. For example, in Greek 
mythology, Castor and Pollux are twins with bonds so close that when Castor dies, 
Pollux gives up half of his immortality to be with his brother. In Nigerian mythology, 
the Ibeji are twins of joy and happiness and are viewed as one soul shared between 
two bodies. Other instances of twins are found in the legends and lore of ancient 
Egypt, Syria, Norse mythology, Central America, the Jews, and Hinduism. As this 
suggests, twins are often accorded special status.

1.2 Twin studies
Studies of twins (beyond studies of the twinning process itself) have been stimulated 
by the recognition that twin pairs fall mostly into two categories: identical (one egg, 
Monozygotic, MZ) twins and fraternal (two-egg, Dizygotic, DZ) twins. MZ twins 
originate in the fertilization of one egg by one sperm and a subsequent splitting of the 
developmental process into two individuals with the same genetic characteristics. 
DZ twins represent the fertilization of one egg by one sperm and another egg by 
another sperm in close enough succession to result in a single pregnancy, consisting 
of a pair of individuals who resemble ordinary brothers and sisters in having one 
gene from each parent in each pair. Thus, if a trait is heavily influenced by genes, 
identical twins, because of their identical genetic origin, will be tend to be more 
alike on the trait than fraternal twins, who only show the genetic resemblance of 
ordinary siblings.
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Ordinary sibling pairs, because they share parents, have a genetic resemblance of 
about one-half—varying somewhat with assortative mating, the degree of genetic sim-
ilarity of parents on the trait in question. For a trait for which assortative mating is neg-
ligible, the difference in resemblance between MZ and DZ twins estimates one-half of 
the genetic influence on that trait in that population. Doubling that difference yields the 
heritability, an estimate of the proportion of the variance of the trait due to the genes. 
For example, if we consider a trait in which spouse correlations are fairly small, such as 
extraversion (0.06–0.12 in one summary of US and British studies),1 MZ correlations 
of 0.48, 0.52, 0.48, and 0.53 in US samples occurred in conjunction with DZ correla-
tions of 0.06, 0.04, 0.10, and 0.25. Literal application of the “double the difference” 
rule would yield heritability estimates of 0.84, 0.96, 0.76, and 0.56 for extraversion. 
The correlations are based on fairly modest twin samples (in the range 34–152), so 
the correlations—and hence the heritability estimates—should not be taken as precise, 
but together they suggest a substantial genetic component for the trait of Extraversion.

1.3 History of twin studies
The history of twin studies may be looked at along various dimensions. First, twin 
studies got more subtle over time, taking into account various factors that might 
bias their estimates, such as assortative mating of parents for the trait in question, 
or the fact that twin pairs are always both the same age, whereas ordinary sib pairs 
are always of different ages, or the fact that MZ pairs are always of the same sex 
whereas about half of DZ pairs are opposite-sexed. Second, the studies often have not 
been simple twin studies, but have included groups other than twins, such as adopted 
children, other biological children of the twins’ parents, other relatives, the children of 
MZ and DZ twins, etc. These can permit tests of some of the assumptions underlying 
simple twin studies. Third, twin resemblances and some of the other comparisons 
can be followed longitudinally to see if heritabilities increase or decrease over time 
or with development. And finally, twin samples have got larger—much larger—as 
they have been based on national birth records or registration for military service, 
rather than twins located, for example, in a few local high schools. The development 
of sophisticated statistical techniques, especially statistical equation modeling 
(SEM), makes hypothesis-testing with multivariate data structures possible. This is 
accompanied by the development of user-friendly computer package programs such 
as Mplus (Muthén and Muthén, 2017)2 and OpenMx (Neale et al., 2017).3

The history of scientifically based twin studies may as well be started with Fran-
cis Galton (1822–1911),4 a half-cousin of Charles Darwin. Galton was concerned 
with the relative roles of nature and nurture in shaping human traits and recognized 
the value of resemblances among different classes of relatives for this purpose—
inventing the correlation coefficient in the process. He never did a twin study in the 
modern sense but did notice a key feature for such studies: the existence of a sub-
stantial subgroup among twin pairs in which the twins of a pair were extraordinarily 
similar in appearance and behavior (i.e., MZ twins).
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1.4 Early twin studies of cognition and personality
Early twin studies proper included those of Merriman (1924),5 Lauterbach (1925),6 
Tallman (1928),7 and Holzinger (1929)8 on intelligence as measured by IQ tests. All 
of them found higher correlations for MZ than DZ pairs, and thus evidence for the 
heritability of cognitive ability.

Many twin studies have been carried out for personality and temperament mea-
sures. A fairly typical early example was that of Carter (1935),9 using the six scales 
of the Bernreuter temperament test: neuroticism, self-sufficiency, introversion, domi-
nance, self-confidence, and sociability. The study included 55 MZ and 44 same-sex 
DZ pairs. The twin correlations ranged from 0.44 to 0.71 for the MZs and −0.14 to 
0.41 for the same-sex DZs, higher for the MZs than the DZs on every scale. A simple 
“twice the difference” procedure yields heritabilities in the range 0.20–1.16 across the 
traits, a range presumably inflated by sampling and measurement error but suggesting 
the appreciable heritability of traits of this kind.

1.5 Combining other relatives with twins
Measuring twins’ parents as well as twins allows assessment of the degree of assortative 
mating for the trait in the population in question, and hence the reasonableness of the 
“twice the difference” approach to heritability estimation. The difference between 
adoptive siblings’ resemblance (assumed to be due to shared family environment, 
not genes) and that of MZ pairs (shared family environment, plus genes) provides a 
direct estimate of genetic effects on a trait.

Thus adding other relatives to a twin study, or combining twin, adoption, and 
family studies, may verify the assumptions or allow adjustment for the biases in twin 
studies taken alone.

1.6 Heritability over age
One can compare heritability estimates from twins at different ages. Sometimes this 
involves a comparison of heritability estimates obtained from different twin samples 
that are of different ages. Sometimes this involves a single sample of twins tested 
repeatedly across age. An example of this is the Louisville Twin Study (Wilson and 
Matheny, 1986),10 in which the similarity of twins was assessed from birth to age 
15, going from near zero heritabilities at birth to 0.32 at age 7 to 0.68 at age 15.

An example of the comparison of twin samples of various ages is found in a con-
sortium of 11,000 pairs of twins from four countries (Haworth et al., 2010),11 which 
obtained heritabilities for intellectual ability in childhood, adolescence, and young 
adulthood of 0.41, 0.55, and 0.66, respectively.

One interpretation of the heritability increases in either type of study is that in-
dividuals have an increasing control of their exposure to environments as they grow 
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older, and increasingly the environments chosen are consistent with the individual's 
genetic predispositions.

1.7 Increasing sample sizes
This may be illustrated by the difference in the number of twin pairs in the 1935 
study by Carter, 99 pairs, and the 2010 study by Haworth et al., 11,000 pairs, an 
increase by a factor of over 100.

1.8 Twin studies nowadays
Due to recent advances in molecular genetics, a brand new perspective has emerged 
in twin studies, an epigenetic study using the discordant MZ method12. Epigenetics is 
the study of postnatal chemical changes such as methylation and histone modification 
in DNA sequences that control gene expression. Because MZ siblings share the same 
DNA information, significant phenotypic differences between MZ siblings can be 
due to differences in epigenetic modifications. Although hundreds of discordant twin 
studies have been conducted so far, few robust conclusions have been established 
because of the rarity of such MZ pairs. The DISCOTWIN consortium (Willemsen et 
al., 201513; Avery and Duncun, 201914), which covers the twin registries of Europe 
and Australia, is promising.

1.9 Summary
We consider twin studies to be studies that compare the different resemblances of 
MZ and DZ twins on a human trait, in order to obtain an estimate of its heritability—
the genetic contribution to individual differences on the trait. Many such studies have 
been done on many psychological traits since the 1920s.

A number of trends can be observed in twin studies. First, they have been com-
bined with the resemblances of other kinds of relatives in adoption and family studies 
to test and adjust for various potential biases in twin studies taken alone. Second, 
they have been carried out at different ages, to test for changes in heritability during 
development. Third, with the increase in national twin registries and international 
collaboration they have become much, much larger. And finally, they have tended to 
result in the conclusion that the genes make a substantial contribution to individual 
differences in most human psychological traits.
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2.1 How is that possible? One delivery 
and two childbirths at least
The birth of twins has always been surrounded by curiosity. If we look through the 
history of mankind or at different points of the world, the birth of twins in all societies 
was surrounded by a sense of peculiarity. In many cultures and religions, the birth of 
twin was coupled with admiration as it was considered the gift of God, but in many 
places, it was met with fear and rejection of the community. It is important to highlight 
that higher (older) age of mothers giving birth to twins—which is a very important 
factor—occurs in several places, but perhaps the very first written memory is the 
history of Rebecca, the mother of Jacob and Esau from the Bible (Gen. 25, 21–26). In 
the world of mythology, twins, with a special appearance that we often find depicted 
in art, are not hard to find (e.g., Remus and Romulus were the twin sons of Mars and 
Rhea Silvia (Livy); famous Mayan demigods were Hunahpu and Xbalanque, referred 
to as the Hero twins (Rideout [2015]). Nowadays in movies, twins are equally as 
ubiquitous (e.g., Fred and George Weasley—Harry Potter Movies; Luke Skywalker 
and Leia Organa—Star Wars Movies).

Professional twin research was first started in the 19th century by Sir Francis 
Galton,1 an English anthropologist. He was the first to state that if identical twinsa 
developed from the outset under the same environmental effects, they would be com-
pletely the same. However, he emphasized that this cannot be achieved in real life, as 
even identical twins have bigger or smaller differences, and since their genetic sub-
stance (genome) is the same, the difference can only be traced back to the environ-
ment. His recognition has great importance in the field of inheritance research today.

In Europe, especially in the Scandinavian countries, twin-birth ratios were high in the 
late 19th and early 20th centuries (Eriksson–Abbott–Kostense–Fellman [1995]).2 Gal-
ton’s name, mentioned above, is linked to the start of medical-biological twin research, 
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but Dionys Hellin should also be highlighted, who, as a research physician, observed 
the following statistical regularity and summarized the named formula (Hellin’s law) 
in 1895. (If for every n number of single births there is a double twin birth, and then 
for every n2 get pregnant one triple, and all n3 a quadruple plural delivery is given.) It 
is important to note that the rule is for spontaneous conceptions; Hellin noted that in 
contemporary Europe at the end of the 19th century, the number was generally n = 89. 
Of course, this varied from country to country: a lower value could be used in the Scan-
dinavian countries and a higher value in the southern and eastern countries (Fig. 2.1 
(Hellin, 1895)).b

On the chronological order of twin births: it was already observed after the First 
World War3; Pison–Monden–Smits4 that the twin birth rate (TBR) significantly in-
creased during the years of the war. It is due to the fact that while the younger (typi-
cally aged 18–30) men were at war for years, their typically young wives bore fewer 
children than in previous years; meanwhile, the birth rate in the “older” (31+) age 
groups stayed standard. Therefore there was a natural increase of childbirths among 
older-aged women. This female cohort—for biological reasons—was more likely to 
have twins, so naturally in wars the TBR jumped. This did not happen any differently 
in World War II. But in those ages data collection stalled in several countries, there-
fore we don’t have specific data for some countries around 1942–1945. Interestingly, 
however, the TBRs in the last quarter century are as high as during the wars in some 
European countries, such as in Hungary.5 From the late 1940s onwards, there was 
a generally declining trend, and this lasted until the 1970s. This coincides with the 
baby boom period after World War II, when the younger women in their early years 
had a higher proportion of children than the older age cohort (Wood, 19976).

In the 1960s, the twinning rate was very low due to the fact that mothers had 
their children at a younger age, and the fertility rate dropped significantly, which has 
a noticeable effect on the twin births rate also. At that time, a serious decline in the 
fertility rate occurred, and families with more than three children were few.c

In the 1980s, with the exception of some industrialized and economically devel-
oped countries, the rate of twin births stagnated (Pison-D’Addato, 2006).7 By the 
mid-1990s, the highest rates of the century had been measured in several countries. 
In  developing and underdeveloped countries, the TBRs are generally lower than 
average, with the exception of Africa, where TBRs are around 50 twin births per 
thousand live births. The average age of mothers at childbearing in the case of twin 

b Hellin, D. Die Ursache der Multiparität der uniparen Tiere überhaupt und der Zwillingsschwangerschaft 
beim Menschen insbesondere. Seitz und Schauer, p. 25. (1895) “Während man sagen kann, dass beim Men-
schen durchschnittlich eine Zwillingsgeburt auf etwa 89 einfache Geburten vorkommt tritt eine Drillingsge-
burt auf (89)2 einfache Geburten auf, eine Vierlingsgeburt auf (89)3; überhaupt, soweit dies in Grenzen der 
Möglichkeit liegt, erscheint eine x fache Geburt auf (89)x–1 einfache Geburten.”
c “Women whose first children were twins reached upon the first pregnancy—or the second, for those 
who wanted three children—the desired number of children. These women were less likely to have 
subsequent pregnancies than those who had the same number of pregnancies, but no twins. Thus, 
women predisposed to having twins were less and less represented in birth orders following the first, 
since they were more likely to control their pregnancies: as a result, the twinning rate declined”8 p. 4).
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FIG. 2.1 The first page of Hellin’s study on the frequency of twin births (1895).
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births is important for two reasons: on the one hand, the older age of mothers plays 
a significant role at the first childbearing, on the other hand, older maternal age is 
also reflected in the statistics even if the mother has already given birth to several 
children. In developed countries, there is a tendency for mothers to postpone the 
birth of their first child, while in less developed and some developing countries, 
the average age of mothers increases due to having more children. In the latter, 
the date of the first childbearing occurs at a younger age. In some Asian countries 
such as Japan—a developed country—extremely few twins are born. This is likely 
attributable to the fact that there is a difference in between races biologically: the 
proportion of twins is high among the African population and low among the Asian 
population.8

The twinning rate depends on many different factors, among which the age of the 
mother, the order of birth, and fertility rate are the most important factors. The aver-
age age of the mother at childbirth (AAoM) has varied in the past 70 years. In the 
1950s, the mean age was close to 28, then during the 70s, it decreased by 1.5–2 years. 
A rapid increase followed in the 80s and at the end of 1990, the AAoM was over 29. 
Indeed, older women tend to have twins more likely than younger women. The high-
est rate is among 35 to 39-year-olds, while for those aged over 40 years, the natural 
twinning rates decreased markedly (Fellman–Eriksson).9

In Europe, live births averaged 19 twin births per thousand in the 1980s and then 
24 per thousand in the 1990s. After the turn of the millennium, the proportion of twin 
and multiple births was around 27–28‰ based on the 2004 data (EU Perinatal Health 
Report10). In that study, the focus of the growth of TBR is on artificial insemination 
and increasing number of mothers having children at older age. After a decade, we 
witnessed a significant change in twin births in Europe.d

In recent decades, in addition to the declining birth rate, the number of twin 
births has steadily increased slightly, so the TBR has naturally jumped as a result 
of these two opposing effects. In case of twins and multiple births—twin births 
where more than two children are born—the most influential factor is indeed the 
age of the mother. The study of historical trends, from Galton and Hellin to the 
Scandinavian researchers who dealt with the issue, agrees about the importance 
of mother’s age at births as a demographic factor. (Eriksson–Fellman,11 Rachoo-
tin–Olsen [1980], Eriksson–Abbott–Kostense–Fellman,2 Wood [1997],6 Pison,7 
Pison–Couvert,12 Fellman–Eriksson,13 Martin–Hamilton–Osterman,14 Pison–
Monden–Smits [2015],15 Pári [2015]16).

d “Perinatal complications associated with multiple births impose considerable costs on health ser-
vices, families, and societies. Accordingly, the high rates due to either delayed childbearing or sub-
fertility management raise questions about the need for policies to encourage earlier childbearing 
and to prevent multiple pregnancies in assisted conception. The decrease in twinning rates in some 
countries may be the result of policies to reduce the risks of multiple births for women undergoing 
subfertility procedures; more knowledge about how these policies are contributing to the changes in 
the multiple birth rate would be useful for health professionals and policy makers.” (Perinatal Health 
Report, 2015 p. 38).
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2.2 Questions of the methodology of twinning rate
Twins are typically considered as medical cases and appeared as single statistical 
data, but we should not forget that—at least—two children are born at almost the 
same time.e,17,18 It is important to differentiate twin deliveries from twin births, 
statistically twin births show almost doubled number of rates. It means that from 100 
twin deliveries, an average of 194–197 children are born alive (taking into account 
child mortality—which may reduce the number, and the number of multiples (triplets, 
quadruplets, etc.) also, which could increase this number) (Fig. 2.2).

It is also important to note that both twin delivery and twin birth data are recorded 
in several countries, however, current statistical laws and data collections in some 
countries only allow access to twin birth data through census data. Unfortunately, 
this is why registries and databases are incomplete. So twin registers are very impor-
tant, from which we learn extremely important and gap-filling data about the living 
conditions, diseases, sociological, demographic, biological, and genetic characteris-
tics of twin families and twins. Furthermore, it is important to note that in countries 
where the record of twin births is not accurate, the number of twin births can be ap-
proachable by an approximate estimate. All this can be estimated from the fertility 
rate of the given country, the AAoM, the infant and perinatal mortality rates. Based 
on the results of previous large-scale research studies or statistical data surveys, and 
examining the twin birth trends observed in the given region, a relatively accurate 

e Twins born typically 15–30 min apart (Lindroos et al., 201817; Axelsdóttir–Ajne, 2019.18).

FIG. 2.2 Twin deliveries per 1000 total deliveries in 1980–1985 (Monden–Pison–Smits).25 
Source: Human Reproduction, pp. 1–1, 2021 doi:10.1093/humrep/deab029.
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estimate can be given of a countries or regions with a lack of data. Changes in the 
social, economic and political, legislation situation, as well as environmental factors 
are difficult to estimate accurately for twin births, but it may have effects on twin 
births (Hur-Kwon, 200519; Gan–Wu–Tu-Zheng, 200720; Pári, 201421).

All EU member states cover births and deaths in a civil registration system. Data 
usually include citizens and permanent residents in these obligatory registries. Non-
residents are universally excluded. The registration system is the source of the num-
ber of live births, stillbirths, infant deaths, and maternal deaths also. Some may also 
provide data about background characteristics, such as maternal age, parity, plurality 
(singleton, twin, or triplet or higher-order pregnancies) or birth weight, nationality of 
the mother, recent and previous residence of the mother. They include some data on 
fathers also, but the principle of “mater certus pater incertus est” (mother is certain, 
father is uncertain [at the childbirth])f encounters difficulties.

Reflecting the Roman principle we know less about fathers than mothers, so more 
detailed demographic and biological research on twin fathers is yet to come, but it 
would be very important to map twin families. On one hand, the principle no longer 
applies since the end of 1970s, mostly attributable to in vitro fertilization. The views 
of motherhood changedg the previous principle derived from Roman law. It has been 
recognized “that advances in medicine have already displaced the principle yet the 
law has not caught up with the changing nature of motherhood while acknowledging 
the need to keep the definition of fatherhood and parenthood up to date.”22 p. 383). 
Yet we found very little research on this topic, specifically focusing on twin births.

2.3 Effect of assisted reproductive treatment
Family policies and regulations can also affect the number of twin births. Family 
benefits play a role when there are incentives or disincentives to having a child. 
If family support and subsidies are linked to the mothers’ childbearing age, or if 
mothers who are about to have a child are encouraged to have a child at a younger 
age, it will also reduce the chances of having twins, because the mother’s age at 
childbearing plays a decisive role in twin conceptions. At the heart of all this is the 
social or family policy preferences of states, which primarily serve interests related 
to the economy, welfare, and the sustainability of society.

The socio-demographic and policy factors are various and could impact the 
rates of multiple pregnancy. There are different cultures, legislation, and meth-
ods of supporting assisted reproduction treatments in the European countries 

f “Mother is always certain and the father is uncertain” (latin). The conclusive presumption (prae-
sumptio iuris et de iure), also known as an irrebuttable presumption, is a type of presumption used in 
several legal systems.
g Remark on this legal question is surrogacy requires a shift in the presumption of motherhood from 
a presumption based on maternity (giving birth) to one based on the ultimate care and nurture role 
(motherhood).
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(Heino–Gissler–Hindori-Mohangoo et al.23 The average number of embryos trans-
ferred and mothers’ age at childbearing widely varies and this has implications for 
multiple birth rates.

It is widely believed–but not true–that more children are now born as twins from 
assisted reproductive treatment (ART) than a “single” child. As a result of artificial 
procedures (assisted reproductive procedures such as insemination, medical treat-
ment) in the last decade and a half in Europe and the United States, 20%–30% more 
twins were born as a whole (Martin et al., 2012).14 But it is important to note that 
most twins are still born naturally, not with ART. Official statistics do not record 
whether live-born children whether conceived naturally or artificially, but estimates 
have been made of this (Zeitlin–Mohangoo, 200824).

It is not clear that the increase in the number of twin births was the result of an 
assisted reproduction procedure, as maternal average age is also constantly rising 
and this has already been shown to have an effect on twin births.21 Due to the lack 
of official data and research, it is difficult to ascertain but it seems that artificial re-
productive techniques (ART) were not yet significant among all deliveries in 2010.h 

One consequence of ART is an increase in the number of twin births, unless only 
one embryo was implanted. Mothers with multiple pregnancies are ten times more 
likely to have a premature birth and the offspring is four times more likely to die in 
infancy. Twin mothers have a higher risk of morbidity and mortality, while twins 
have a higher risk of congenital anomalies and weight loss.

Mode of delivery shows correlation with twin pregnancy (Perinatal Health Report, 
2004, 2010, 2015) and the vaginal twin deliveries decreased in the past centuries. In 
Europe, specifically Cyprus, the cesarean mode of delivery (57% in 2015) is more com-
mon than vaginal delivery, as seen in Romania (47% in 2015). Of note, the two countries 
have totally different twinning rates. Cyprus has a very high twin and triplets birth ratio, 
unlike Romania. In the latter country, the mean age of mothers at birth is lower than the 
European average; as a result of this, the number of twin births is also lower in propor-
tion to the population. Globally, however, the number of cesarean sections in Romania 
is very high, primarily to reduce the risk of twin births and to avoid infant mortality. 
Cesarean sections also dominate in most twin births all around the world.

2.4 One out of twenty-eight births
Since the 1980s, the proportion of twin births has risen by one-third, meaning that 
there are twelve twin births per thousand births today compared to the previous nine. 
TBRs were low in Asia and South America, moderate in Europe and North America, 
and high in many African countries. In recent decades, the proportion of twin births 
has been increasing in wealthy countries and higher income (developed) regions of 

h “Up to 5 to 6% of births in some countries may occur after use of some form of ART, although the 
use of the less invasive procedures is under-reported in most data systems or not reported at all. Births 
after in vitro fertilisation (IVF) account for 2%–4% of all births.” (Perinatal Health Report, 2010, p. 17.)
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the world, due to the more frequent use of assisted reproduction procedures and the 
older age of mothers at childbirth. But even so, Asia and Africa currently give birth 
to 80% of the world’s twins (Monden–Pison–Smits, 2021).25

An average 140 million children were born worldwide in 2015–2020 period (UN 
Population databasei), of which slightly more are estimated 3.9 million children were 
born as members of a pair of twins, bringing the average TBR to 27.93‰.j  There 
is a large difference between the continents concerning TBRs and the proportion of 
women giving birth in an older—when compared to the average—age. There is a 
tendency for more than one fifth (23%) of mothers in countries with higher TBRs to 
be 30 years of age or older, and the high fertility rate also has a significant effect on 
twinning rate.

The incidence of twin births has continued to vary widely in the recent years 
worldwide. The highest proportions continue to be seen in African countries: Nigeria 
(73.6 per thousand), Burundi (61.2 per thousand), and Somalia (59.2 per thousand). 
The lowest values are found in Asian countries. The three lowest ratios are held by 
Democratic People’s Republic of Korea (8.2 per thousand), Singapore (9.4 per thou-
sand), and Mongolia (9.5 per thousand).k 

There is a strong correlation between TBRs and fertility rates (R2 = 0.7). Therefore 
countries with higher fertility rates also have higher TBRs (Fig. 2.3). However, this is 
not necessarily true for all countries, as high fertility rates in several Asian countries 
(e.g., Afghanistan, Pakistan, Mongolia, Turkmenistan) are not coupled with high TBRs.

Most twins (approximately 475,000) were born in India in 2018. More than 
340,000 were born in Nigeria and 273,000 in China, as one member of twin pairs 
each year. Interestingly, the TBR was below average: 16.7 per thousand in India, 
50.4 per thousand in Nigeria, and 17.1 per thousand in China in the same year. In 
the countries with the 10 highest TBRs (not ratios), the average TBR was well above 
average (27.93‰): 35.6 per thousand. It should be noted that these 10 countries 
account for more than half of the world’s twin population, or nearly 2 million peo-
ple (50.5%). Actually, in the 10 countries with the highest TBRs, only 10% of the 
world’s twin population is born (391,000).

i Source: https://population.un.org/wpp/Download/Standard/Fertility/.
j In most countries, twin birth rates have been estimated because, on the one hand, or no twin birth 
data are available and, on the other hand, relatively old data (e.g., census data) are available. Twin 
birth rates were therefore standardized for 2018 to be derived from fertility rates (World Bank 2018 
data) and maternal average age at childbirth (UN 2008 country-specific data) and infant mortality rates 
(2015–2020 UN average). During the standardization, the estimated ratios were adjusted with the twin 
birth or twin birth trends observable on the basis of the data of the previous years and decades.
k UNICEF methodology paper found that assessment of the effect of twin births and “other multiple 
births are generally low across countries though there is marked variation in these rates. The high-
est rate of twinning is observed in Benin (55.3 twins per 1000 live births), followed by Ghana and 
Cameroon (43.3 and 42.8 twins per 1000 live births). The lowest rates are in Bolivia, the Philippines 
and Honduras, with rates below 15 twins per 1000 live births. In 10 countries, no triplet births were 
recorded and in the remaining countries, rates were below 2 per 1000 live births, except in Jordan (2.2 
per 1000 live births). These rates are so low that any effect on low birth weight estimates are expected 
to be minimal.”26 p.6).

https://population.un.org/wpp/Download/Standard/Fertility/
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A Hungarian example (Pári, 2011, 2014)21 shows that the age of the mother can 
be related to several sociological factors:

•	 The number of previous pregnancies played a major role in having twins after 
the fifth or subsequent birth before the 1990s. After that, the twin rate from 
first pregnancies began to rise and in the 2000s became the most frequent. The 
effect of the number of previous pregnancies did not disappear, but having 
twins from the first or second delivery became dominant.

•	 The extension of the mother’s childbearing age plays a major role in this. 
Also, as a result of the expansion of higher education that began in the early 
1990s in Hungary, more women study at college or university. The chance of 
having twins is not strongly correlated with educational attainment, but rather 
with the mother’s age and genetically inherited factors. Yet the time spent in 
higher education usually results in a rising age for childbearing, which has a 
determining role in the number of twin deliveries.

•	 There was no significant difference in twinning rates between the types of 
settlements (e.g., smaller towns and villages, capital) before the mentioned 
period. The twinning rate varied between 18‰ and 25‰. After the mid-1990s, 
however, the twinning rate was above the national average in the capital city 
and in towns with county rank, while in smaller towns and villages, although 
the twinning rate also increased, it was below the average.

FIG. 2.3 The estimated rate of twin births between 2011 and 2019 by countries (per 
thousand births). Source: Worldbank, United Nations Population Database and National 
Statistical Offices data (From 2011 to 2019) own estimation.
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Fig. 2.4 shows that there is some correlation (R2 = 0.14) between TBRs and the 
AAoM worldwide, but the correlation is not as strong as the number of births.l 

This is therefore less correlation than the relationship between fertility rate or 
number of births and TBR. As we have seen, in several countries with high fertil-
ity meaning the fourth or fifth child (e.g. African countries), the AAoM reaches 
the fertility rate of those with lower births (e.g., most European countries). The 
fertility and the number of previous births have a statistically significant effect 
(Fig. 2.5).

According to the United Nations database, the (46) countries with 30 years and 
higher in AaoM show an average 2.86 total fertility rate, which is 0.41 higher (16.7% 
higher) than the world average (TFR = 2.45). The “youngest” mothers—those (25) 
countries where the AAoM is 27 years and younger—are seen at 1.83 TFR (25.4% 
lower). Compared to the countries of mothers of 30 years and older, the younger 
mother group gives birth, statistically, to exactly one less child.

It is important to highlight that the TBR is even higher in the countries where the 
ratio of “older (30+) aged” mothers are higher (TBR = 32.37‰) than in the countries 
where the proportion of mothers 27 years and younger (TBR = 20.17‰).

R2 = 0.7002 
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FIG. 2.4 Correlation between total fertility rate (TFR) and twin births rate (TBR). Source: 
World Bank, Fertility indicators, 2018 and own estimated calculation.

l Note that this number shows the national averages worldwide.
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3.1 Introduction
During the last 65 years, twin registries have contributed much to our knowledge 
about genetic and environmental influences on all aspects of human behavior, 
physical characteristics, and health. The establishment of twin registries, then and 
now, is driven by the realization that a large sample size is critical to study the 
genetic basis of complex, heterogeneous, and polygenic traits and diseases. While 
the first twin registries were established in Europe, we now have twin registries 
on six continents, exceeding more than 60 twin registries across 26 countries (see 
Fig. 3.1 and Table 3.1).

Many twin registries are not limited to twins but also actively recruit family mem-
bers of twins, changing into twin family registries, thereby enhancing the analytic 
power and the potential to study the processes of intergenerational associations and 
differences. The sample sizes of these twin family registries differ greatly, from a 
few hundred to over 250,000 participants, covering all ages. Since 2002, the journal 
of the International Society for Twin Studies (Twin Research and Human Genetics) 
has periodically published special issues on twin family registries in the world.1–4 
Fig. 3.2 shows the increases in the total number of participants (twins and their fam-
ily members) in twin registries from 2002 to 2019 special issues. Between 2002 and 
2019, the number of participating twins and their families increased over four times. 
Although a few registries have discontinued their activities during this period, the 
overall growth is due to an increase in the number of participants within existing twin 
registries as well as the incorporation of new twin registries over the years.
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<3k

Table 3.1 provides an overview of twin registries across the world. In this chapter, 
we will briefly discuss registries per continent, touching upon the history, the variety 
of recruitment, and data collected. In this way, we hope to share with you the many 
opportunities for scientific study that twin registries continue to offer.

3.2 Twin family registries across the continents
3.2.1 Europe
The history of twin registries starts in Europe. The first official twin registry in the 
world was the Danish Twin Registry in 1954.5,6 Originally established with the 
specific aim of studying cancer in a restricted cohort, its scope was broadened in 
time to many other aspects of health and lifestyle. This registry also grew to include 
a large percentage of the Danish twin population, recruited through a linkage with 
various registration systems such as church and conscription records, and national 

FIG. 3.1 Worldwide distribution of twin registries.
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health registries in Denmark. National twin registries in other European countries 
quickly followed, first primarily in the Nordic countries but later also in other parts 
of Europe. As evident from Table 3.1, Europe at the time of this chapter still contains 
the most twin registries across the continents, as well as the two largest registries in 
the world: the Swedish Twin Registry (STR)7 and the Netherlands Twin Register 
(NTR),8 both including more than 200,000 participants from all ages. While the 
STR has more information on the elderly, the NTR is unique in the large number of 
newborn twins it has followed across the lifespan from the late 1980s onwards. This 
allows for the study of the influence of genetic and environmental factors on many 
aspects of the development from early childhood into adulthood.

Though smaller in size than their neighbors, the two other Nordic twin registries, 
the Norwegian9 and the Finnish Twin Registries,10 are still very large and exten-
sive in their data collection. As in most twin registries, general longitudinal surveys 
are sent out periodically while detailed phenotypic information may be obtained in 
specific projects, such as the volumes of fat and lean body mass via body scan, cho-
lesterol, and glucose levels via blood samples, as well as the outcomes of cognitive 
tests and brain activity via electroencephalography (EEG) recordings. In addition, 
many cohorts collect genotypic and epigenetic data on their participants. Depending 
on the focus and costs, such information may be available for all those in the registry 
or for only a selected group. For instance, the Finnish Twin Registry obtained body 
scans and fat biopsies for a subset of monozygotic (MZ) twins discordant for obesity, 
allowing for more insight into the biological mechanisms associated with obesity.11 
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FIG. 3.2 Increases in the number of participants (twins and their families) reported in 
special issues of Twin Research and Human Genetics from 2002 to 2019. The number of 
twin registries in each special issue is in parenthesis.
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Many twin registries continuously expand the information they collect based on sci-
entific developments. A good example of this is TwinsUK,12 which recently collected 
stool samples from many of its participants, leading to the first publications on the 
heritability and molecular genetics of the microbiome.13,14

Twin registries may also develop in other ways. The Twins Early Development 
Study (TEDS)15 was established in 1994 in the UK to study the emotional and cogni-
tive development in young twins, but as the participants grew older and started their 
own families, the children of the TEDS participants led to a third separate registry.16 
Other twin registries have also started to follow the offspring of twins, but none made 
this such an explicit aim as the Children of the TEDS.16

There are three types of MZ twins based on the time of zygotic division: the 
dichorionic-diamniotic pairs (splitting before the 4th day after fertilization), the 
monochorionic-diamniotic pairs (splitting between the fourth and the seventh day 
after fertilization), and the monochorionic-monoamniotic pairs (splitting after the 
eighth day after fertilization).17 As MC twins share a single placenta, they are fre-
quently exposed to a vastly discordant prenatal environment due to complications. 
The TwinLIFE18 identifies (at least) 100 monochorionic (MC) twin pairs born in 
Dutch hospitals, stores their biological samples at birth, and follows the twins from 
the prenatal period into childhood longitudinally. By studying intrapair differences in 
DNA methylation and future health development, the TwinLIFE can provide power-
ful insight into the effects of pre- and peri-natal environments on later health.

With also a large population registry in Belgium,17 unique in its access to perinatal 
and placental information, and a recently established German registry with a focus on 
socioeconomic circumstances,19 and additional smaller twin cohorts in Belgium and 
Norway focusing on psychopathology,20,21 it is evident that Northern and Western 
Europe are well represented in twin registries. Fortunately, over the past years, twin 
registries have also been established in Southern Europe, and twin registries in Italy,22 
Spain,23 and Portugal24 with a strong focus on health and health-related behaviors, 
are rapidly increasing in numbers and data collection. More recently, the Hungarian 
Twin Registry was established which has a strong focus on health and disease but 
also collects psychosocial information on its participants.25 Of interest is the Rus-
sian twin registry, which in part represents Europe but also reflects Asian cultures. 
The Russian Federation actually has a very long and rich history of twin studies with 
many prominent names and findings,26 but a nationwide representative school-aged 
twin registry only developed over the last decade.3,26 So far, the Russian School Twin 
Registry (RSTR) has recruited 5.000 twins from 7 to 17 years of age, of different eth-
nicities and culturally distinct populations, but it expects to include more than 100.000 
school-aged twins to study the role of the interplay between genetic and environmen-
tal factors in the development of academic achievement.27,28 Another twin registry lo-
cated both in Europe and Asia is the Turkish Twin Study29 which specifically focuses 
on the role of cultural differences in the etiology of health problems.

Hopefully, the expansion across the eastern and southern parts of Europe will con-
tinue, but it is certain that the European twin registries will continue to contribute much 
to our knowledge about genetic and environmental influences on behavior and health.
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3.2.2 North America
Even though the history of modern twin studies in North America is younger than in 
Europe, during the last decades a vigorous tradition of twin research has developed 
in North America as demonstrated by a large number of twin cohorts. There are 
at least 25 independent twin cohorts in the United States and two twin cohorts in 
Canada (see Table 3.1). An early milestone for the twin studies in the United States 
was the establishment of the Minnesota Study of Twins Reared Apart (MISTRA) 
in 1979 which studied adult twins separated early in infancy and reared in different 
families.30 This project has provided important contributions to our understanding 
of the role of genetic factors in the variation of psychological traits. The first studies 
published in the early 1980s were based on only a small number of reared-apart 
MZ pairs but still suggested that genetic factors play an important role in the 
variation of complex behavioral traits. However, the study on the heritability of IQ 
published in 1990 including data from over 100 reared-apart twin pairs or triplets 
clearly demonstrated the large influence of genetic differences on the individual 
variation in cognitive abilities.30 In addition to MISTRA, there were several studies 
of twins raised together at the University of Minnesota, which were later integrated 
into the Minnesota Center for Twin and Family Research (MCTFR).31 Although 
the main focus of the MCTFR is substance use and related psychopathology, it has 
investigated psychological adjustment, personality, cognitive ability, brain function, 
and other physiological traits longitudinally. However, the history of US twin studies 
goes further back in time, and actually the oldest systematically collected measures 
of twins are available from a study started in 1965.32 This study made use of the 
military records collected in the past for US veterans. This resulted for example in 
height and BMI measurements in twins conducted in the early 1940s and thus allows 
estimating the heritability for traits obtained two decades earlier.33

Currently, the US twin registries include a wide variety of cohorts, each having 
own specific strengths. The largest cohort is the Mid-Atlantic Twin Registry34 having 
a sample size of more than 50,000 twins, triplets, and their family members. Most of 
the North American cohorts are relatively small having less than 5000 and in many 
cohorts less than 1000 twin individuals or relatives. However, the smaller sample 
sizes compared to many European twin cohorts is in many cohorts compensated by 
intensive clinical measures often not available for bigger cohorts. For example, the 
Vietnam Era Twin Study of Aging includes detailed measures of brain based on neu-
roimaging as well as cognitive tests.35

North American cohorts often focus in their data collection on a specific state 
or another well-defined geographic area, such as Greater Montreal area of Quebec 
Newborn Twin Study.36 However, there are a few exceptions in the US cohorts. 
Two US cohorts represent male war veterans: the National Academies of Science 
- National Research Council (NAS-NRC) twin registry32 and the Vietnam Era Twin 
Study of Aging.35 National school records have been used in sampling twins in the 
National Project on Achievement in Twins37 as well as in the Project Talent Twin and 
Sibling Study.38 Further, some cohorts were developed focusing on groups otherwise 
underrepresented in scientific research, such as the Carolina African American Twin 
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Study of Aging39 and the Texas Twin Project,40 which includes overrepresentation 
of ethnic minorities.

The number of traits collected in North American twin studies is vast, covering 
all aspects of human development, behavior, and health, although most studied topics 
have been psychological traits including cognitive development and school achieve-
ment. Psychopathology, especially, substance use/abuse (including tobacco and al-
cohol) and personality measures also received much attention. While traits related to 
physiology (with the exception of psychophysiological measures) and physical dis-
eases have also been included in North American cohorts, these traits are less inten-
sively studied than in European cohorts. This reflects the tradition in North America 
that twin research has been mainly linked to psychological research and many twin 
cohorts have been collected at departments of psychology. However, like European 
counterparts, many Northern American registries now also include genotypic and 
epigenetic information.

3.2.3 Australia
The origin of twin registries in Australia dates back to the 1970s when the first state 
registries were founded, which then received support from the National Health and 
Medical Research Council. The twinning rate in Australia is 16.2 per 1000 births, 
which is comparable to those in European countries.41 The largest Australian national 
registry up to date, the Australian Twin Registry, now renamed as Twins Research 
Australia (TRA),42 is located in Melbourne, Victoria, and enrolled more than 40,000 
twin pairs and higher-order multiples of all ages over its 40-year history, representing 
approximately 20% of twin pairs in Australia. For the past decades, TRA has studied 
health and many diseases including cancers. While playing an active research role 
itself, TRA provides news and information to twin members and their families 
through its website, and promotes twin community forum to influence practice and 
policy on twins in Australia. TRA also supports twin researchers and prospective 
students from multiple disciplines by providing open access to its volunteer twin 
membership and training for statistical analyses for twin studies.

Another large Australian registry—Brisbane Longitudinal Twin Study (BLTS)—
is located in Queensland at the South East coast and recruited around 5000 twins 
and siblings at 12 years old between 1992 and 2018.43 Over the past years the BLTS 
contributed to the understanding of the role of genetic factors in melanoma risk (mole 
study), personality traits, psychiatric symptoms, and IQ; and conducted studies in 
the fields of neuroimaging, haematology, biochemistry, and ophthalmology. Several 
specialized registries in Australia covered specific topics. For example, the Academic 
Development Study of Australian Twins (ADSAT) longitudinally studied education-
al achievement in twin pairs, higher-order multiplies and siblings with literacy and 
numeracy testing in different grades.44 The Peri/Postnatal Epigenetic Twins Study 
(PETS) recruited mothers of 250 twin pairs during pregnancy and have studied on ge-
netic and intrauterine components of variation in the human neonatal epigenome, fetal 
programming, and early factors of later diseases.45 Other registries include the Teeth 
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and Faces of Twins Registry46 focusing on the study of genetic, epigenetic and envi-
ronmental influences on dentofacial structures and oral health and the Australian Twin 
and Ophthalmic Traits Registry,47 focusing on eye physiology and visual disorders.

Australian twin registries have played a prominent role in twin research and their 
researchers have made important contributions, especially in the development of 
methodology for causal inference, polygenic risk scores, integrative omics analysis, 
and combination of twin data with other kinds of data from different sources (such as 
geospatial and environmental data).

3.2.4 Asia and Middle East
Asians, especially East Asians, have the lowest natural twin birth rates in the world, 
with a rate of 4 to 6 pairs per thousand births.48 Recently, however, due to the 
increased use of assisted reproductive technologies, twin birth rates have increased 
sharply across many East Asian countries, facilitating development of twin studies. 
Twin birth rates in Middle East remain poorly understood. However, a rate of 14.4 
pairs per thousand birth has been reported recently.49

Large-scale, population-based twin registries are currently maintained in Chi-
na, Japan, and South Korea in East Asia and Sri Lanka in South Asia. The Chinese 
National Twin Registry,50 currently the largest twin register in Asia, recruits twins 
mainly through the Centers for Disease Control throughout the country, and focuses 
on disease and public health issues. In addition, two other regional registries are 
available to study psychopathology and ophthalmological traits in Chinese children 
and adolescents.51,52 For example, the Guangzhou Twin Eye Study research team 
recently showed that within discordant MZ twin pairs, the more myopic twin was 
associated with performing more near-work activities than their co-twins, confirming 
environmental risk factors in myopia.53

Japan has currently three active registries: Keio Twin Research Center (KTRC),54 
Osaka University Center for Twin Research (Osaka Twin Registry),55 and West 
Japan Twins and Higher Order Multiple Births Registry (West Japan Registry).56 
These registries use different ascertainment schemes and study somewhat different 
phenotypes. While the KTRC focuses on psychological and education-related traits, 
the Osaka Twin Registry and the West Japan registry concentrates on health issues 
and physical growth. The West Japan registry is unique in that they have a very large 
number of higher-order multiples and can serve as a valuable resource to study spe-
cific concerns regarding higher-order multiples.

The South Korean Twin Registry (SKTR)57 is a nationwide volunteer registry 
founded in 2001. It includes twins from preschool to young adulthood age, with the aim 
of studying genetic and environmental influences and their interplays in psychological 
and mental health traits in South Koreans. The SKR has demonstrated that heritability 
for personality traits from children to young adults and symptoms of various types of 
psychopathology are comparable to those found in many western twin studies.57

A nationwide population-based twin registry was established in Sri Lanka in 1997 
to study genetic and environmental etiologies of mental disorders and metabolic 
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syndrome in low- and middle-income countries.58 The Sri Lankan Twin Registry 
currently includes over 30,000 twins and singletons of all ages. The registry team 
recently found that while the levels of risk factors for the metabolic syndrome in 
Sri Lankan twins were similar to those found in western samples, the prevalence of 
depressive/anxiety symptoms was lower in Sri Lankans than in Westerners.59

In the Middle East there are currently two twin registries. The Longitudinal Israeli 
Study of Twins (LIST)60 and the Isfahan Twin Registry (ITR) in Iran.61 The LIST 
identified twins born in Israel in 2004 and 2005, and has studied prosocial behavior 
and related traits longitudinally since 2007. Although mail surveys have been con-
ducted regularly, experimental and observational data of social behavior have been 
collected longitudinally, which are major strengths of the LIST. Additionally, the Isfa-
han Twin Registry (ITR) was launched in Iran in 2017 to study (epi)genetic causes of 
diseases, especially cancer, diabetes, and cardiovascular diseases in Iranians. The reg-
istry now includes more than 1000 participants and collects biological samples, medi-
cal records, and questionnaire data from twins and multiples to establish a biobank.

3.2.5 Africa
Africa has the highest twin birth rates in the world,48 with rates varying from 20 pairs 
to 49 pairs per thousand births.62,63 The reasons for these high rates include a higher 
level of follicle-stimulating hormone in African women as compared to women of 
other ethnic origins,64 diet, and high parity.65 Despite these high twin birth rates, few 
twin studies have been conducted in Africa due to lack of research infrastructure and 
facilities, political instability, and high rates of illiteracy. Only two twin registries 
are currently established on the African continent: the Guinea-Bissau Twin Registry 
(GBTR)66 and the Nigerian Twin and Sibling Registry (NTSR).67

The GBTR was founded in Bissau in 2009. In collaboration with the Bandim 
Health Project that maintains the health and demographic surveillance system 
(HDSS) in Bissau, the registry has collected medical data and biological materials 
from newborns to 30 years of age (N > 3600) since its inception. The GBTR aims 
to investigate risk factors for newborn twin mortality and the etiology of metabolic 
disorders specific to African populations. A recent GBTR study reported higher body 
fat percentage and glucose levels in both the fasting and postprandial state for twins 
compared to singletons, which the researchers suggest may be due to suboptimal 
nutrition during twin pregnancy.68

The NTSR was initiated in 2010 to study genetic and environmental influences and 
their interplays for psychological and mental health traits in Nigerian children and ado-
lescents. Because the birth registration system is not well developed in Nigeria, twins in 
the NTSR are identified through public schools. As of 2019, over 5000 twins and their 
families have been registered with the NTSR.67 Even though living conditions in sub-
Saharan Africa are vastly different from those in many developed countries, the findings 
from the NTSR samples to date suggest that genetic and environmental influences on 
cognitive abilities, prosocial behavior, religious attendance, and family environments 
are largely similar to those reported in twin samples from developed countries.67

3.2 Twin family registries across the continents
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3.2.6 Latin America and the Caribbean
The history of twin registries in Latin America and the Caribbean (LAC) is still to be 
written, and the absence of data has left out Central and South American populations as 
well as Mexico and the Caribbean from the global research scheme and international 
collaborative projects. Fortunately, very recently, valuable initiatives have started to 
consolidate and give a much needed impulse to this area of research.

LAC has a peculiar amalgam of people with Indigenous and European origin, 
together with African ancestry in some of its countries, what makes this vast region 
a genetic melting pot with an enormous research potential. It is also a region of in-
terest from an environmental standpoint, as it shares broad cultural commonalities, 
while keeping an extremely rich diversity of local milieus. As such, the emerging 
contribution of twin research in LAC countries would be an important addition to the 
international research resources.

However, the record of twin registries in LAC has been, so far, irregular. Early 
initiatives included Chilean69 as well as Cuban registries,70 the latter comprising a 
large sample of >55,000 twins, but, as yet these registries have not published any 
research results in peer-reviewed international scientific journals. More recently, 
a parallel initiative appeared in Brazil: the University of Sao-Paulo Twin Panel,71 
which was closely followed by two incipient registries in Mexico: the Mexican Twin 
Registry72 and TwinsMX.73 This has opened new perspectives for twin studies in 
LAC countries, and as they increase in size, they should be able to make meaningful 
contributions to twin studies in the near future.

3.3 International consortia
The fact that many twin registries collected similar phenotypic and genotypic 
information allows for meaningful collaborations between the registries, offering 
the opportunity to increase statistical power by increasing sample size and to study 
interactions between genes and exposures to diverse environmental conditions. One 
of the early collaborative efforts pooled Nordic population-based twin registries 
(Denmark, Finland, Norway, and Sweden) linked with the country-specific national 
cancer and cause-of-death registries to analyze the heritability of cancer incidence.74 
This consortium (NorTwinCan) has recently been re-established (NorTwinCan) to 
include more than 300,000 twins and 58 years of follow-up, on average, and studies 
the genetic and environmental etiology of cross-cancer associations.75

Interplay of Genes and Environment across Multiple Studies (IGEMS) is a con-
sortium of 18 twin studies from 5 different countries (Sweden, Denmark, Finland, 
United States, and Australia) established to investigate the nature of gene-environ-
ment (GE) interplay in physical and psychological functioning, dementia, and mor-
tality.76 Fifteen of these studies are longitudinal, with follow-up as long as 59 years 
after baseline. The IGEMS now includes over 76,000 participants aged 14–103 years 
at intake.
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A major effort in the field of comparative twin studies was Genome EU twin 
consortium combining twin data from seven European countries and Australia.77 This 
project led to a series of papers comparing heritability estimates for a number of traits 
across the countries, showing that participating countries are very similar in heritability 
for height, BMI, and sport participation. This project was further continued within the 
European Network for Genetic and Genomic Epidemiology (ENGAGE Consortium) 
focusing more on molecular genetics.78 The largest collaborative consortium to date 
is the COllaborative project of Development of Anthropometrical measures in Twins 
(CODATwins) which as its target to pool together all twin cohorts in the world having 
information on body composition, parental and own education, and smoking.79 Cur-
rently, the CODATwins database includes around 1 million height and weight measures 
on almost 500,000 twins from 54 twin projects representing 24 countries. In addition, 
many of the twin registries also contribute to consortia, which are not twin-specific, by 
adding their data or the outcomes of genomewide association analyses to those of non-
twin populations, thereby increasing the power for gene finding.

3.4 Concluding remarks
Twin registries have come a long way from the establishment of the first register in 
1954. As illustrated in Fig. 3.1 and Table 3.1, twin registries are now present across 
the entire world, though with a focus on Western societies. While it will be important 
to ensure other parts of the world will be better represented, the wealth of data 
available in combination with the large sample size presents a source of important 
scientific findings.

The phenotypes studied in the registries cover almost all types of behavioral traits 
as well as mental health and various complex diseases. Notable is that several twin 
family registries are able to link their cohorts with national demographic, social, and 
public health registries, which may not only help in increasing their sample sizes and 
the representativeness of the population under study but may also further enrich the 
data available for individuals in the registry. Consistent with current trends in genetic 
research, a growing number of twin registries have been incorporating molecular ge-
netic measures to the spectrum of available information. Many of them now include 
data from genome-wide or exome microarrays, whole-genome sequencing, or meth-
ylation analyses. Together with the impressive amount of phenotypical information 
accumulated, this has enhanced the already high potential for collaboration, both 
nationally and internationally, of twin registries.

The biggest threat for twin registries is a lack of funding. Setting up and main-
taining a twin family register requires a long-term financial commitment which few 
institutions are prepared to make and many registries are therefore dependent on re-
search grants to keep the twin registry going. The fact that so many twin registries are 
still ongoing and new registries still emerge is evidence of the great scientific value 
represented by twin registries.
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4.1 Introduction
Both human resistance and healthcare services have evolved to the point where twin 
gestations are more likely to be born alive and in good condition than in earlier times. 
Because of the space-saving size of the female reproductive organs, pregnancy-
related problems can arise before, during, or after parturition. During gestation, 
several types of complications can occur with twins that are rarely, if ever, seen in 
one-baby pregnancies.

Crowding reduces the available uterine interior surface area per fetus, thereby 
diminishing nutrient flow between the placenta and each fetus in a twin gestation, 
compared to typical singletons. Because of the physical and environmental stresses, 
maturation of each twin baby’s lungs is accelerated over that of solo fetuses. As a 
result, “term” pregnancy for a twin set is typically 37 instead of 40 weeks, as with 
singletons. For triplets, it is 34 weeks and for quadruplets it is 31 weeks, on average. 
Although the multiple babies are usually smaller because of the shortened gestational 
period, survival based on pulmonary function is typically superior to with singletons 
for the same length of time.1

In contrast, the occurrence of all multifetal pregnancies decreases as the number 
of babies increases per gestation. Part of this is due to the fact that multiple fertiliza-
tions become less and less frequent as the set number rises. Secondly, especially in 
the case of MZ multiples, the uteroplacental contact area servicing each baby follow-
ing implantation decreases, thereby diminishing the level of support and nourishment 
for each fetus.1

The disappearance of one of the two babies in as many as 5 out of 6 twin sets before 
20 weeks of gestation attests to the problems encountered early by multiples (see “van-
ishing twin” discussion later). It has been conjectured that if all such twin pregnancies 
survived until viability, there would be more than six multiple births for every now.2

At birth, the hazard of delivery of twins vaginally instead of cesarean section adds 
to the risk of not being born alive and uninjured. In many twin gestations, the gravida 
is twice as likely to experience preeclampsia, a serious blood pressure problem of preg-
nancy, in contrast to one with just a single baby (see discussion at the end of this chapter).
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In summary, pregnancies consisting of more than one fetus pose many issues which 
are not encountered or are more infrequent than with one baby alone from the start.

4.2 Defining factors
This discussion will be limited to multifetal gestations that arise from unassisted 
rather than laboratory-based or drug-promoted conceptions. Currently, the birth rate 
of naturally conceived twins is roughly half as those produced in vitro in medically 
advanced countries (approximately 1.5% of all gestations). There are generally two 
types of twin sets (exceptions will be discussed later):

1. Monozygotic (MZ)—a conceptus resulting from the union of one ovum and one 
sperm, which divides into two beings within the first two weeks of gestation.

2. Dizygotic (DZ)—two embryos produced by the union of two separate 
spermatozoa joining with two discrete ova (gametes).

This coming together of two human gametes (ovum and sperm), each with 23 
different chromosomes, reestablishes the characteristic 23 chromosomal pairs/cell 
(zygote) following fertilization. Another possibility is a multifetal pregnancy which 
bears a singleton plus a twin/triplet set concurrently in the same uterus. Such a case 
combines monozygosity with dizygosity in the same overall pregnancy. By the time 
of delivery, such a set could result in MZ or DZ twins, depending on which single 
baby may have not survived along the way.3

Later in this discussion, we will consider biological exceptions to these distinc-
tions, especially in relatively homogeneous socio-cultural populations within defined 
geographic locales. In the majority of such neonatal MZ and/or DZ pairs, specific 
physical characteristics of the babies copying one another in some or all physical or 
behavioral aspects can be identified. For example, one member of an MZ pair can 
be an organ donor, if needed, for the other member. This is not typically true in DZ 
sets because of antigenic dissimilarities of the members between each other (It is 
interesting to note that the gravida and her developing fetus may have some antigenic 
differences between them, making the baby a “foreign body” in her, but yet not purg-
ing its presence in most cases because of the separated circulations in the placenta).

In almost all twin pregnancies, there are two membrane sacs surrounding the 
conceptuses (Varieties of multiple twin pregnancies are noted in Fig. 4.1). One mem-
brane, the amnion, encompasses each baby; the other, the chorion, surrounds all the 
fetuses in many monozygotic gestations and both fetuses in dizygotic conceptions. 
Some monozygotic pairs share a single placenta. If a monozygotic twin pregnancy 
has no amniotic membrane separating the two fetuses, there is a serious risk of their 
cords getting tangled with each other. Thus, a DCMZ one-egg twin set would be di-
chorionic, monozygotic and an MCMZ set would be monochorionic, monozygotic.3

The mother’s prior history of breastfeeding can increase the probability of con-
ceiving twins in her next pregnancy. Many women feel that as long as they continue 
lactating, they are shielded from further pregnancies. While lactation does delay the 



554.3 Conception issues

postpartum resumption of ovulation, in contrast to no breastfeeding, it does not stop 
reproductive capabilities forever unless the gravida becomes menopausal before 
attempting the next conception. Women who have ever lactated have persistently 
higher blood IGF (insulin-like growth factor) levels than those who have never done 
so. Mothers who had given birth to more than one child and had breastfed were more 
likely, based on the number of prior months lactating, to conceive twins now than 
those women who had not done so.3

4.3 Conception issues
In our modern world, there is a trend toward later marriage, and many women choose 
to delay their childbearing for career, educational, monetary, or personal reasons. For 
example, in 1994, the percentage of women having their first baby over the age of 30 
was five times higher than in 1969.3 This inclination appears to be continuing today. 
The age at which a woman eventually decides to conceive, her “blood” relatives’ 
reproductive history, the number of children she elects to have, and the amount of 
breast-feeding she did previously can have a direct bearing on her chance of twinning 
in a subsequent pregnancy.

For a dizygotic twin gestation to result, two viable eggs and a good supply of 
active sperm must be available concurrently. Fertilization typically occurs in as little 

FIG. 4.1 Schematic drawing of the most common types of twin pregnancies based on 
placental numbers, membrane distributions, and separations between fetuses.

A representation of a singleton gestation is shown for comparison.
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as 5–15 min after vaginal deposition of semen. Unlike sperm, which are constantly 
being produced from precursor cells, a woman is born with all the eggs she will ever 
have naturally. The ovarian reserve of available follicles decreases rapidly with age. 
A female fetus at four months of gestation is estimated to have 3,500,000 eggs in 
her ovaries, while a woman aged 39–45 years has around 11,000. Whereas about 15 
follicles are typically recruited monthly in the ovaries of young women, usually only 
one is mobilized per menstrual cycle after age 40.2,4

Inheritance also plays a role in determining the probability of the twinning process 
taking place, especially with dizygotic twins. For example, this twinning tendency 
has been studied by examining bovine (cow) populations. Twinning is uncommon 
among cows, relying on a special gene functioning on chromosome #5. However, 
the more times a particular cow is pregnant, the more likely it is to conceive twins.5

It is well known that the tendency to produce twins is greater in certain human 
families. For many years, the twinning trait was believed to be inherited only in cases 
of DZ pairs. However, a recent investigation identified several families containing as 
many as five spontaneous sets of MZ twins.4 If based only on random occurrence, 
one would expect 268 separate gestations to yield just two sets of MZ twins within a 
single extended family. Women who have conceived twins naturally (without fertil-
ity treatment) have a greater chance of having a second set in a later pregnancy than 
a multiparous (mother of many children) female who has had only singletons. Of 
additional interest is the observation that 30% of fathers who have produced twin 
offspring have genetically connected male relatives who have also produced twins.6 
It could be concluded that twinning is a reproductive trait that is passed on via the 
procreative qualities of both genders. These findings suggest that the tendency to 
produce twins has an inherited genetic component that runs along with both the male 
and the female lines.

Although an MZ set originates with both children bearing the same genetic com-
position, it is not uncommon for such a pair to have small but perceptible physical 
differences by the time of birth. Thus, the final expression of physical traits in hu-
mans is the result of nature (heredity, as determined by genes) in combination with 
nurture (gestational environment). For example, fingerprints are primarily the result 
of genetic determinants. The basic initial expression of the prints in identical fetuses 
in the entire set is essentially the same. However, intrauterine events can modify 
the translation of the nuclear codes somewhat. The fingertips of the babies possess 
genetically determined pads at 3 months or so which evolve into individualized fin-
gerprints by birth. Each baby of a given set of monozygotic quadruplets after birth 
has slightly different print patterns, apparently due to environmental factors such as 
surrounding intrauterine forces and pressures.2,7 As the saying goes: no two people 
have exactly the same set of fingerprints.

In biomedical studies, it is desirable to test MZ twin sets who appear to be identi-
cal in all aspects. If so, one member of the pair can be given a new drug or treatment 
being evaluated for a special application, and the other member is given a seemingly 
similar placebo. In this way, all biological variables are apparently the same in both 
individuals of the set except for the presence or absence of the new modality. For 
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example, in 2015–16, one member of a monozygotic twin set was placed on the In-
ternational Space Station and the other remained on Earth. At the end of the 342-day 
trip, the one who orbited was studied and was found to have undergone a number of 
physiological changes that the other had not experienced.8

Today, the gold standard for zygosity determination in the laboratory is examin-
ing the similarity of particular DNA sequences in chromosomes from within the 
cell nuclei. Technicians make many copies of the twins’ DNA from small samples, 
and the specific sequences of the polynucleotides are tagged. The samples are then 
compared by looking at how they react by separation in an electrical field. If the two 
individuals are indeed genetically alike, their tagged DNA fragments will yield the 
same electrophoretic pattern.

The definition of a twin pregnancy can sometimes be ackward. It is commonly 
accepted that such a double pregnancy is one in which the union of sperm and egg(s) 
occurred at about the same time. However, there are cases where one of the two 
babies is delivered prematurely for medical reasons and the second is able to remain 
in the uterus for additional days or weeks. What should be taken as their birthdays? 
If different, are they technically “twins”? In actuality, the only time the question of 
zygosity is pertinent medically is if organ transplant from one person to the other 
in this pair becomes necessary at a later date. An additional example of this is the 
genetic study of a set of DZ twins who have one mother but each carries the genes 
of different fathers. This apparently resulted from fertilization of each taking place 
within a number of hours by two separate males.2

4.4 Maternal dietary factors affecting the frequency of 
multifetal gestations
1. The rate of twinning has been found to be related in part to a woman’s 

blood level of insulin-like growth factor-1 (IGF1) which, in many cases, is 
correlated with maternal height. This enhancing factor is released by the liver 
in proportion to the level of her pituitary growth hormone (GH). IGF is one 
of the treatments used to medically promote the ovarian release of ova. A 
statistical study showed that there is a direct relationship between the frequency 
of twinning and the mean height of women in selected populations. Countries 
with taller women tend to have higher twinning rates. Related to this is the 
significant IGF content of milk. Countries that have higher percentages of 
multifetal pregnancies are also those known to have elevated milk consumption 
compared to other countries. Cattle with the highest twinning rate also have 
the highest mean serum IGF level. In some cases, this appears due to the 
prophylactic use of GH, given to cattle to increase amounts of meat and milk 
produced.9–11

2. During famines, the rate of twinning in particular typically decreases. IGF is a 
polypeptide containing both essential and non-essential amino acids (Essential 
amino acids are not produced de novo in humans but must be acquired in the 
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diet, in contradistinction to non-essential amino acids which can be produced 
from available basic metabolites). Hence, a protein-poor diet, among other 
phenomena, should decrease the twinning rate in particular. In fact, this is what 
was observed in Holland during World War II, when severe starvation was 
experienced due to sharply reduced food supplies. The rate of twinning fell 
about 30% below its pre-War value. The rate of twinning after the end of the 
War rose significantly with improved nutrition.9

3. Vegans consume no food products that originate from animals, including milk. 
The rate of twinning among vegan mothers was compared with the general 
population whose diets were inclusive of all forms of omnivore and vegetarian 
components. In the general population, the natural twinning rate was 1.9%, 
whereas with vegans it was 0.4%.9

4. The gender ratio of several sets of MZ twins has been found to be 0.60, 
favoring females, rather than the anticipated value of 0.50. These findings are 
consistent with the model of twinning as a consequence of a depressed calcium 
in the prenidation environment and its effect on embryonic intercellular 
bonding. Because the X chromosome is larger than the Y, the cells of males can 
apparently reproduce faster than females prior to endometrial implantation. As 
a result, female embryos would remain longer in a low calcium environment 
than males, promoting the division of their cells prior to implantation. This 
would enhance the frequency of female MZ twinning versus male.5

4.5 Maternal physical factors and the rate of twinning
1. A relationship was also found between the chance of twinning and race. When 

comparing African–Americans, Caucasians, and Asians, the first group had the 
highest mean IGF level and the Asians the lowest. The general rate of twinning, 
when compared to race, showed the same trend. For unknown reasons, triplet 
gestations in Yoruba Africans are predominantly three-egg sets, whereas 
Caucasian triplets in the United States are most commonly dizygotic. In Japan, 
although infrequent, spontaneous triplets are most often one-egg pregnancies.2

FIG. 4.2 Effect of mean milk consumption on dizygotic twinning.
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2. A number of studies have reported a direct correlation between height and the 
level of insulin-like growth factor in the mother’s blood. This hormone can be 
used to treat unusually short youngsters. IGF acts directly on the bones and 
muscles to stimulate growth, among many effects. In one such study of births 
in 32 countries, the maternal height was compared to the rate of birth of twins 
and triplets. The overall trend was that taller women tended to exhibit higher 
twinning rates. The mean maternal height in Denmark was 167.0 cm, whereas 
in Libya it was 153.5 cm. In Denmark, at that time the twinning rate was 
19.9 per 1000 live births, whereas in Libya it was 11.5 per 1000.2 In another 
investigation in the United States, the mean height of mothers of twins/triplets 
was 164.8 cm, whereas with singleton deliveries only the mean height was 
161.8 cm (P < 0.005).10

3. In addition to the risks encountered in a multifetal pregnancy already discussed 
here, two more items that need examination are placental abruption and fetal 
growth retardation. Although these problems can also be encountered in a 
singleton gestation, they are more common in multifetal pregnancies. Fetal 
growth retardation can result from placental insufficiency or an inadequate 
junctioning between the placenta and the uterine wall. Disconnection of the 
placenta with the uterine wall is especially dangerous for the gravida because 
of the rapid rate of blood loss it causes. This phenomenon can occur with high 
blood pressure or trauma to the uterus.4

4.6 Biological factors tending to increase twinning
The probability of twinning (spontaneous/natural conception, in contradistinction 
to medically induced) is affected by family history, race, parity, prior pregnancies, 
maternal age at conception, and diet.

1. In the United States in 2001, 2 in 50 people were dizygotic twins and 2 in 150 
were monozygotic twins. In Japan, most twins are monozygotic. Worldwide 
today, it is estimated there are 70 sets of monozygotic quadruplets, whereas it 
was concluded that there were 60 such sets in 1998.2

2. If a woman’s sister or mother delivered dizygotic twins, her chance of 
conceiving twins is doubled. If she has already delivered dizygotic twins, her 
chance of having another set spontaneously is four times higher. If a woman 
is a dizygotic twin herself, she has a 1-in-17 chance of giving birth to a set of 
twins.2

3. The tendency for double ovulation is inherited through the mother’s line. As we 
learned in a previous discussion, the reproductive faculties of the father’s male 
relatives also appear to play a role with him in producing twin offspring.

4. Female fertility, in general, decreases progressively from the mid-twenties until 
menopause. Follicle stimulating hormone (FSH) induces the ovary to supply 
eggs that may finally be ovulated for fertilization. Although the overall level of 
IGF decreases from puberty until death, FSH abruptly rises beginning at age 
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35 in anticipation of menopause. This may explain why there is an increase 
in twinning between 35 and 39, with peaking around 37 years. Because of the 
premenopausal FSH surge noted earlier, older women (especially between 35 
and 39 years of age) have twins more often than younger women. Furthermore, 
the more children a woman has, the more likely she is to eventually have a set 
of twins.2

5. Contrary to popular belief, twinning does NOT skip generations.

Although these rates are prone to change in the future for a number of reasons, 
they give an appraisal that certain women currently are more likely to have twins. 
What may happen to any particular woman is difficult to predict. For example, the 
chance of delivering a boy is slightly higher than giving birth to a girl, but we all 
know of large families with exclusively one gender or the other.

In summary, the rate of spontaneous twinning appears usually to be affected by 
one or more of the following maternal factors:

1. Family history.
2. Race.
3. Genetic predisposition.
4. Maternal age.

FIG. 4.3 Spontaneous monozygotic quadruplets.

Dr. Steinman in the Spring of 1998 with the monozygotic Borges quadruplets, whom he 
delivered in March, 1997 (printed with permission).
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5. Parity.
6. Prior or present lactation.
7. Nutritional adequacy.
8. Maternal dairy product consumption.
9. Maternal height.

10. Previous twin birth.

Factors 1–3 are fixed at birth, whereas the last seven factors are adjustable by 
variable environmental conditions, prior pregnancies, and personal lifestyle deci-
sions. Height potential is inherited, but its achievement is affected by environmental 
factors such as diet and health maintenance.2

Many studies have been carried out looking for possible genetic factors govern-
ing the likelihood of production of twin gestations. Attention has been given to the 
possible effect of single nucleotide polymorphism (SNP). Most SNPs are silent since 
98% occur in the intron or intergeneic regions of the DNA. To be classified as a poly-
morphism, the allele of interest, with a single nucleotide replaced by another, must 
have an occurrence frequency of 1% or more. Two such SNPs of putative interest in 
generating DZ twins are rs11031006-G and rs17293443-C. The former increases a 
woman’s chance of delivering twins by 18% and the latter by 9%. Also, a region of 
chromosome 15q22.33 may participate in this reproductive modification. However, it 
is a possible for a gravida to bear DZ twins but not have either of these chromosomal 
variants.12,13

In Caucasian populations, natural twins (i.e., not medically promoted) typically 
amount to about 1%–3% of all births. An isolated village named Linha Sao Pedro in 
Brazil, populated predominantly by German immigrants, was found to have births 
that yielded 10% twins, half of which were monozygotic. Following World War II, 
Jospeh Mengele, a doctor who had experimented on twins in concentration camps 
during the War, escaped to South America. It was speculated that he had treated the 
local Brazilian population to enhance the likelihood for twinning, such as with GH. 
However, careful genetic studies revealed that twinning in that isolated village pre-
dated WW II by many years. This is a good example of the Founder Effect, a type of 
loss of genetic diversity which happens when a small population is separated from a 
larger gene pool.14–16

Whereas the rate of natural monozygotic twinning is relatively constant, the rate 
of DZ gestations can be variable between populations, totaling 1%–3% overall. Of 
interest is the rate of twinning in particular families, which may run in certain fami-
lies for reasons yet to be determined.17

4.7 Some unique complications in twin pregnancies
1. Vanishing twin—Especially in dizygotic pregnancies, each twin may not 

develop as successfully as its partner, as noted earlier. In such a case, an 
ultrasound study may visualize two fetuses at 6–8 weeks of gestation, followed 
by the gravid woman observing a nonspecific episode of slight cramping 
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and spotting. A repeat ultrasound at 20 weeks or so will observe only one 
intrauterine fetus. In most cases, no specific cause for the loss of the other is 
identified. The incidence of viable multifetal gestations (MZ or DZ) becomes 
much smaller as the total size of the set enlarges. This is because one or more 
fetuses reach viability before the onset of parturition, whereas the second 
member of the twin set did not survive through the 20th week of gestation. 
In general, multifetal gestations are more likely to result in pregnancy loss 
(miscarriage) than singles. This may be the result of compromised uterine/
placental circulation in a crowded multiple gestational environment. This 
scenario is estimated to occur in five out of six twin sets. Thus, for every one 
set of twins that survives until delivery, five experience the loss of one member 
of the pair. Because of this, the rate of natural twinning may actually be closer 
to 9%.2

2. Conjoined twins—In the case of monozygotic pregnancies, a rare complication 
found in only 0.25% of MZ pairs is the physical union of the two fetuses with 
various combinations of midline attachment to each other (e.g., abdomen-
to-abdomen, as observed with the original Siamese Twins). The potential for 
survival is poor and 40% are stillborn because of the sharing of vital organs. 
All conjoined sets originate from one egg, develop with one set of placental 
membranes (MCMZ), and are predominantly female (75% of the time). Since 
such twins usually have normal chromosomes, the cause of this phenomenon 
is most likely a developmental issue such as delayed implantation, rather 
than a genetic error. This may be related to deficient calcium levels which 
reduce the adherence of embryonic cells, resulting in incomplete separation of 
blastomeres.18

 The specific cause of conjoining is not currently known, though scientists 
have at least two theories that attempt to explain this structural mistake. The 
two fetuses can be joined almost anywhere in the midline. In the first theory, 
the separation (fission) of an early embryo into two entities—usually in the 
latter half of the second week of gestation—is incomplete. Seventy-seven 
percent of conjoined sets are mirror images of each other, compared with 
22% of unconnected monozygotic twin pairs, supporting the fission model of 
development. In the other theory, separated embryonic “discs” secondarily join 
(fuse) for unknown reasons. Both the fission and fusion theories are supported 
by real-life examples.18

3. A chimera is an ordinary person except that various part of his/her body 
actually came from a twin partner or from the mother. Such departures from 
the usual may occur in MZ or DZ twin gestations. Because of the irregular 
distribution of surface cells, a characteristic mosaicism may occur in skin 
coloration. A chimera might also be composed of both male and female cells in 
each member of a boy–girl dizygotic twin gestation.2

4. A molar pregnancy is one in which the gestational cells, especially from 
a malformed placenta, contain abnormal chromosomes inherited from the 
father. It is also known as a hydatidiform mole. Such a gestation may occur 
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with a normal single fetus as well as twins. Some cases bear malignant 
cells (choriocarcinoma) that were one of the first cancers to be arrested with 
chemotherapy. The mother’s uterus is often large for gestational age. Grape-
like tissue is sometimes passed vaginally and can alert the physician to this 
problem. Pregnancy-induced hypertension (preeclampsia), which typically 
appears in the third trimester, may exist in a molar pregnancy before 20 
gestational weeks have passed. Human chorionic gonadotropin, the hormone 
commonly identified to diagnose any pregnancy, is unusually high in the case 
of a mole. It is essential to empty the uterus as soon as possible in these cases 
because of the risk of maternal hemorrhage, uterine rupture, or metastatic 
disease.2

5. Twin-to-twin transfusion syndrome (TTTS)—“When the time came for her 
to give birth, there were twin boys in her womb. The first to come out was 
red”—Book of Genesis.19 As a result of sharing a single placenta, the blood 
supplies of identical monochorionic twin fetuses could become interconnected. 
Blood can be transferred disproportionately from one twin (the “donor”) to 
the other (the “recipient”) due to an imbalanced shared placental flow. This 
caused the donor twin (Jacob) to have a decreased blood volume (appears 
white). The blood volume of the recipient twin (Esau) was increased 
(appeared red), straining this fetus’s heart which is working hard to pump the 
increased amount of blood, leading to heart failure. If untreated, the survival 
rate for TTTS twins is approximately 10%–15%. If the pregnancy appears to 
be at risk currently, the joined placental circulations can be disconnected by 
laser cauterization in utero, thereby increasing the chance of mutual survival 
markedly.2

6. Heterotopic twin pregnancy—Events within the reproductive tract are typically 
controlled by hormones. However, in some cases, physical obstructions or 
defects within the tract can alter the usual paths followed by the fertilized 
egg. Normally, the ovum is released from the gonad, is fertilized in the space 
between the ovary and the fimbriated end of the Fallopian tube, travels down 
the tube, and finally enters the uterine interior where implantation takes place. 
In humans, this overall process takes about 5 days. However, in some cases, 
impediments, especially from prior infections within the tube, can alter or 
completely impede the free passage of the fertilized egg. With partial injury, 
the first zygote may reach the uterine interior and the second is hindered in its 
passage through the Fallopian tube. Like any ectopic pregnancy, the second 
zygote can implant, grow, and cause rupture and hemorrhage from the tube. 
Ultrasound instrumentation is now sensitive enough to diagnose preoperatively 
the locus of each member of this unusual twin gestation. In the current state of 
medical progress, the tubal gestation cannot be saved and must be removed for 
the gravida’s safety. In many cases, the intrauterine pregnancy can be retained 
and a term singleton delivery would be possible. Heterotopic twinning occurs 
in about one out of 5000 natural pregnancies. An extreme case is when both 
fetuses implant outside the uterus (e.g., a double tubal pregnancy). Though 



64 CHAPTER 4 Biology of natural twinning

rarely, ectopic gestations can also develop at other sites outside the uterus, such 
as the abdominal cavity or the ovary itself.2,6

7. Boy-girl monozygotic twins—True monozygotic twins are always of the same 
gender; dizygotic twins may be the same or opposite. One genetic error that 
sometimes appears in MZ twin embryos involves the sex (23rd) chromosome. 
If the Y chromosome in a human male conceptus (XY) fails to remain with the 
developing embryo, an XO baby results. It bears a total of 45 chromosomes 
instead of the usual 46. This is known as Turner Syndrome and leads to a 
miscarriage of that fetus 98% of the time. If it survives, the resulting newborn 
has the external appearance of a female but lacks functioning reproductive 
organs. If the Turner baby happens to be the womb mate to a normal XY fetus, 
the result will be one normal male and one defective female, whereas the 
babies had started out the pregnancy as a monozygotic, same sex (XY) pair.6

4.8 Maternal risks with a twin pregnancy
In general, twin pregnancies bear greater risks for the gravida than a singleton 
gestation.4,9 The following are maternal complications that affect the gravida of 
multifetal gestations more often than with singletons. For example, preeclampsia 
is a condition most commonly found in pregnancy, whose frequency is higher with 
multifetal pregnancies than singletons:

1. Preeclampsia.
2. Gestational diabetes.
3. Iron-deficiency anemia.
4. Compromised breathing.
5. Blood vessel hematomas.
6. Worsening of preexisting medical problems.
7. Uterine rupture, especially after a previous c/section.
8. Excessive postpartum bleeding.
9. Pulmonary edema/dyspnea.

10. Cardiac decompensation.

Twins/triplets are more often delivered by cesarean section than singletons. This 
is major abdominal surgery with its attendant possible complications. In addition, 
having had such a surgical delivery at least once before often decreases the total 
number of further pregnancies a woman can tolerate without major risks to her health 
and well-being. Accordingly, it is often a last-minute decision if the babies can be de-
livered surgically or vaginally, depending on their final delivery positions, fetal heart 
rate status, and the personal preference and health status of the gravida. Much like 
the delivery of a singleton, it is foolhardy to expect that all potential unanticipated 
emergencies can be dealt with effectively in a setting other than a well-equipped and 
professionally staffed hospital.
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4.9 Conclusions and prospectus
With the several issues described here, it is clear that there are many physiological 
differences between singleton and twin pregnancies, in origin, maintenance, 
and completion. Whereas they all start out with the union of sperm and egg(s), 
the subsequent events in twin gestations are often unlike those in singleton 
pregnancies, turning out to be more uniquely complicated. Medical or surgical 
manipulations to overcome reproduction problems can add to the list of potential 
difficulties affecting the final outcome. For example, the rate of twinning is 
higher in in vitro fertilization than natural reproductive efforts. In addition, recent 
advances with detection visualization and antenatal surgical correction of such 
congenital abnormalities can increase the survival and quality of life of anomalous 
babies (e.g., sacrococcygeal teratoma, congenital cystic lung malformations, and 
myelomeningocele). If both fetuses in a twin set are affected, the risk of antepartum 
intervention is doubled.20,21

Explorations into the means for overcoming prefertilization hurdles are not al-
ways successful, in spite of the application of the most efficacious modes known. 
Further research serves to increase the likelihood of reproductive success and de-
crease the problems that may arise from such natural gestations.22–24 For example, 
one investigation examined why the twinning rates are higher in environmentally 
challenging places than elsewhere.25 In such locations, women tend to breastfeed 
their offspring longer, which usually correlates with elevated serum IGF. This could 
also be the result of defensive responses to indure the harsher living conditions. The 
average life span there is shorter than in more economically advanced countries. In 
general, individuals with higher IGF levels tend to live shorter lives. Hence, the cor-
relation with IGF and twinning is apparently corroborated.

Finally, several inherited, behavioral, and environmental characteristics which 
are apparently influential in women with a higher than usual capacity to produce 
twins were enumerated in this chapter. One additional trait, IQ, was reported to aver-
age 131 in women birthing twins/triplets, whereas the general American population 
displays a mean value of 98.24 IGF1 is known to have several biological functions in 
humans. Consequentially, it could be postulated that elevated intelligence quotients 
and delivering twins are parallel products of the same growth factor.
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5.1 Introduction
The management of multiple pregnancies during gestation, labor and delivery, which 
has long been a key skill for the obstetrician, is never more important than in the 
current era.

Multiple pregnancies are increasing globally, in keeping with lyfestle changes, an 
increase in maternal age, and in the use of assisted reproductive techniques (ART). 
However, multiple pregnancies contribute disproportionately to prematurity and 
perinatal mortality and morbidity.

Whereas in the past multiple pregnancy often went undiagnosed until delivery, today 
improved antenatal management, including ultrasound and monitoring, allow a compre-
hensive and individualized plan for the mode and timing of each pregnancy control and 
delivery. Twin pregnancies are at increased risk for preterm birth, intrauterine growth 
restriction (IUGR), and other conditions such as hypertensive disorders, gestational 
diabetes. Monochorionic twins have additional risks for death and morbidity, primarily 
because of the twin-to-twin transfusion syndrome (TTTS) and congenital abnormalities.

In order to develop excellence in the antenatal and perinatal management of mul-
tiple pregnancies, it is important to consider several key points: chorionicity, fetus 
growth, adequate monitoring of pregnancy, fetus presentation, planned timing of de-
livery, planned place of birth offering the most appropriate intrapartum maternal and 
fetal monitoring.

5.2 Antenatal care
5.2.1 Diagnosis and chorionicity
The ultrasound evaluation of the first trimester in a twin pregnancy has the purpose 
of determining the correct gestational period, chorionicity, and amnionicity. For 
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dating, the major fetal crown-rump length is taken into account, using the same 
biometric curves as the single pregnancy; in the case of a discrepancy equal to 
or greater than 7 days compared to the time of amenorrhea, even in a twin, the 
pregnancy must be renewed. In pregnancy obtained by ART, the gestational period 
is always defined from the date of the oocyte collection. To define chorionicity and 
amnionicity, an ultrasound evaluation within 14 + 0 weeks of gestation allows to 
obtain a sensitivity and specificity, respectively, of 90% and 99%.1 In the case of 
dichorial pregnancy it will be possible to detect two placentas and two amniotic 
bags, each delimited by its own chorion and its own amniotic membrane. If the 
placentas are not separate but contiguous, it is necessary to look for the “lambda 
sign” as the chorions at the meeting point of the two placentas rise up forming a 
triangular space and a thick septum between the two gestational chambers, with 
a typical lambda appearance. In the event that the amniotic membranes end 
up on the placental surface forming a right angle, this sign, called the “T,” must 
induce the operator to diagnose monochorionic pregnancy.1 If it is not possible to 
diagnose chorionicity, pregnancy should be managed as monochorionic. The lack of 
visualization of amniotic membranes between the twins must raise the suspicion of 
monoamniotic monochorionic pregnancy. All these features are essential to organize 
a specific management of the pregnancy.

5.2.2 Nutritional advice
The adoption and/or adjustment of a healthy nutritional program for multiple 
pregnancy seems effective in reducing adverse outcomes. In a twin pregnancy, 
where the needs are greater, nutritional advice on the quantity and quality of the 
macro and micronutrients is essential and should be included in the care program. 
The ideal situation should be a preconceptional counseling on lifestyle habits, 
weight and diet patterns, physical activity in order to promote adequate behaviors 
and prepare women for a pregnancy as best as possible. As with single pregnancy, 
the recommended weight gain is based on the pregravidic body mass index—BMI 
(Table 5.1).2

TABLE 5.1 Recommended weight gain in twin pregnancies based on the 
pregravidic BMI.2

Pregravidic BMI Weight gain

Normal weight
18.5–24.9 kg/m2

17–25 Kg

Overweight
25–29.9 kg/m2

14–23 Kg

Obesity ≥30 Kg/m2 11–19 Kg

BMI, body mass index.
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5.2.3 Chromosomal screening: new challenges?
Multifetal pregnancies have an increased risk of morphological abnormalities and 
aneuploidies. The counseling relating to screening tests and diagnostic tests for 
aneuploidies is considerably complex due to some peculiar factors of twinning such 
as chorionicity, the operator’s technical ability, the feasibility of taking the sample, 
spontaneous or ART pregnancy, and the possible implications in the event of a 
chromosomal abnormality affecting only one of the twins.3 The combined screening of 
the first trimester (nuchal translucency + PAPP-A + beta-hCG) has in pregnancy twin a 
lower performance than a single pregnancy, but it is still effective with a detection rate of 
approximately 86% and 5% of false positives.4 One of the main reasons for the reduced 
performance of the combined test in twin pregnancies is the difficult interpretation of the 
biochemical component, as each twin contributes in variable part to the concentration 
of the analytes without the possibility of determining their coindividual concentration. 
Further evidence are needed, but performance of these tests seems to be similar 
to singletons. Currently, we are witnessing the spread of “cell free” DNA analysis 
(cfDNA) performed on maternal blood to estimate the risk of aneuploidies, although 
this is a promising field, further studies are needed.5,6 Le Conte et al showed that in twin 
pregnancy without fetal ultrasound abnormality, cfDNA screening for trisomies 21, 18, 
and 13 had a high success rate and good performance. Therefore, in routine practice, 
cfDNA analysis could be considered as a first- or second-line screening test.7 Moreover, 
experts are exploring the potential role of noninvasive prenatal paternity testing by 
maternal DNA sequencing (NIPPT).8 Invasive procedures for diagnosis of aneuploydies 
is available. The risk of pregnancy loss following invasive testing—chorionic villus 
sampling or amniocentesis—appears to be greater in twin than in singleton pregnancies 
(2% following chorionic villus sampling and 1.5%–2% following amniocentesis.8,9

5.2.4 Monitoring: timing and frequency
Experts frequently debate on how often to monitor twin pregnancies: how many visits? 
How many ultrasounds? In light of what has been reported by several authoritative 
health organizations, the following seems to be regrettable with adequate flexibility 
to modify as needed.

Clinical checks in uncomplicated dichorionic-diamniotic pregnancies will be 
scheduled monthly with an assessment of the pregnant woman’s weight and blood 
pressure. Ultrasound assessments should follow the scheme proposed in Table 5.2 with 
an increase in checks in case complications arise. Having an increased risk of morbid-
ity and fetal mortality, monochorionic-diamniotic pregnancies should be referred to 
referral centers. In the absence of complications also for monochorionic-diamniotics, 
the clinical evaluation will be monthly and the ultrasound evaluation will be more 
tightened (about bi-weekly) in order to early detect any transfusion between twins.1 
Monochorionic-monoamniotic pregnancy is a rare occurrence, about 1% of monozy-
gotic pregnancies, and is associated with a high risk of fetal and perinatal mortality. 
The optimal methods and frequency intervals of the monitoring that will be carried out 
in reference centers with specific experience for these pregnancies and personalized.9



70 CHAPTER 5 Management and outcome of twin pregnancies

5.2.5 Laboratory investigations
The laboratory tests are almost superimposable to those of a single pregnancy. The 
performance of the blood count at 20–24 weeks is indicated to identify patients who 
need folic acid and iron supplementation, due to the higher incidence of anemia 
in multiple pregnancies. The examination should be repeated at 28 and 34 weeks.9 
Although twinning represents a risk factor for gestational diabetes, currently the 
indications for undergoing oral load with 75 g of glucose are the same as for single 
pregnancy.10

5.3 Antenatal complications
5.3.1 Chorionicity
Chorionicity plays an important role in determining the type and severity of twin 
pregnancy complications, based on different placenta anatomy and physiology, and 
thus pathological paths. These discordances are related to unequal placental mass 
function and distribution (dichorionic-diamniotic pregnancies) and to vascular 
anastomoses (monochorionic twins). Dichorionic-diamniotic twin pregnancies 
are mainly complicated by fetal IUGR and maternal diseases such as hypertensive 
disorders and gestational diabetes (increased diabetogenic placental hormones). On 
the other hand, monochorionic twins are subjected to specific complications which 
originate in either imbalance or abnormality of the single placenta serving two twins. 
Almost all monochorionic twins have inter-twin vascular anastomoses: arterio-
arterial (A-A) anastomoses and veno-venous anastomoses (V-V) are superficial 
connections, traveling across the placenta surface, without interruption between 
the two cord inserction; arterio-venous (A-V) anastomoses have a deep course 
(Fig. 5.1). There are marked variations in the number, size and distribution of these 
anastomoses, thus explaining differences in developing specific complicantions. 
This unequal placental sharing can cause complications including TTTS, twin 

TABLE 5.2 Frequency of ultrasound evaluation of uncomplicated dichorion-
ic-diamniotic pregnancy.

11–14 weeks 	 •	 Diagnosis
	 •	 Labeling
	 •	 Chorionicity-amnionicity
	 •	 Chromosomal	screening

20–22 weeks 	 •	 Fetal	morfology	and	biometry
	 •	 Amniotic	fluid
	 •	 Cervicometry

24–26 w, 28–30 w, 32–34 w, 36–37 w 	 •	 Fetal	biometry
	 •	 Amniotic	fluid
	 •	 Doppler	flussimetry
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anemia-polycythemia sequence (TAPS), selective IUGR or twin reversed arterial 
perfusion sequence (TRAP). Monochorionicity also makes the management of 
these specific complications as well as that of a severe malformation in one twin 
hazardous since the spontaneous death of one twin exposes the co-twin to a risk of 
exsanguination into the dead twin and its placenta. The keystone of their management 
comes down to either surgical destruction of the inter-twin anastomoses on the 
chorionic plate when aiming at dual survival or selective and permanent occlusion of 
the cord of a severely affected twin aiming at protecting the normal co-twin. This can 
be best achieved by fetoscopic selective laser coagulation and bipolar forceps cord 
coagulation, respectively (Table 5.3).

5.3.2 Fetal growth restriction (FGR)
The ultrasound estimate of the fetal weight (EFW) in the twin pregnancy is less 
accurate than the single pregnancy. One of the reasons should be sought in the use 
of the same fetal growth curves among the de types of pregnancies. However, it 
is known that, especially in the third trimester, twins tend to reduce their growth 

FIG. 5.1 Difference in dichorionic and monochorionic placentation.

TABLE 5.3 Main antenatal twin pregnancy complications.

Dichorionic-diamniotc Monochorionic-diamniotic
Monochoriotic-
monoamniotic

	 •	 	Intrauterine	growth	
restriction (discordant 
growth)

	 •	 	Congenital	abnormali-
ties

	 •	 	Hypertensive	disorders
	 •	 	Gestational	diabetes	

(increased diabetogen-
ic placental hormones)

	 •	 Congenital	abnormality
	 •	 	Intrauterine	growth	

restriction (discordant 
growth)

	 •	 	Twin-to-twin	transfu-
sion syndrome (TTTS)

	 •	 TAPS	sequence
	 •	 TRAP	sequence
	 •	 Cerebral	palsy

	 •	 	As	monochorionic-
diamniotic twins + um-
bilical cord entangle-
ment, compression

TTTS, twin-to-twin transfusion syndrome; TAPS, anemia-polycythemia sequence; TRAP, inverted arterial perfusion sequence.
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rate and this reduction is even more evident in monochorionic pregnancies. For this 
reason, specific growth curves have recently been proposed for multiple pregnancies 
customized to the obstetric and parental characteristics.11,12

FGR is defined as the finding of a fetus with an estimated weight <10th percen-
tile, with an EFW discordance between the twins >25%. When the discrepancy of 
EFW exceeds 20%, pregnancy should already be considered as having an increased 
risk of negative outcome. After detection of a fetus with growth restriction, it is im-
portant to look for the cause with an accurate morphological examination, the search 
for viral infections or, if it is considered appropriate, an amniocentesis to identify any 
chromosomal aberrations that justify the delay in growth. The discrepancy of EFW 
should be calculated and documented at each ultrasound starting from 20 weeks and 
if the discrepancy is ≥25%, the patient should be referred to a third level center.3 
The surveillance of twin pregnancy pregnancies with FGR does not differ from that 
of single pregnancy, providing for monitoring of the fetal biophysical profile and 
hemodynamics in the umbilical artery, the middle cerebral artery and in the venous 
duct every 2 weeks, intensifying controls based on the extent of the delay. The selec-
tive fetal growth restriction could represent a problem for management, because of 
the potential need to anticipate birth for the restricted fetus, while the other fetus is 
healthy. In these cases, strict surveillance is essential and healthcares have to balance 
risks and benefits of their choices.

Childbirth, if fetal conditions permit, should not be anticipated before the 32–34 
weeks of gestation.

5.4 Specific monochorionic pregnancy complications
5.4.1 Fetal-fetal transfusion syndrome (TTTS)
All monochorionic pregnancies have vascular anastomoses that connect the two 
fetal circulations and that can be responsible for TTTS, a hemodynamic imbalance 
that led to adverse pregnancy outcomes for both fetuses. TTTS affects 10-15% of 
monochorionic pregnancies and is associated with high perinatal mortality and 
morbidity.

The anastomoses in a TTTS placenta are different from the uncomplicated mono-
chorionic placentas. There are three types of anastomoses: artery-to-artery (AA), 
vein-to-vein (VV), and artery-to-vein (AV) anastomoses. AA and VV anastomoses 
form direct communications on the surface of the chorionic plate and are bidirec-
tional. AV anastomoses are located deep in the placental tissue and are obligate uni-
directional. The AV anastomosis itself occurs at a capillary level deep in the shared 
placental lobule. AV anastomoses always direct flow from one twin to the other, 
while AA and VV anastomoses allow flow in both directions, depending on intertwin 
pressure gradients. An AA anastomosis can function as an AV anastomosis from twin 
1 to 2 as well as from twin 2 to 1 and is in fact a flexible AV anastomosis. The bidi-
rectional AA anastomosis can thus compensate for the imbalanced flow through the 
unidirectional AV anastomoses (Fig. 5.2).
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If left untreated, it leads to fetal death in 90% of cases with morbidity rates, in case 
of survival, reaching 50%. Diagnosis and staging follow Quintero’s criteria (Table 5.4) 
whose rapid analysis allows us to see how the EFW discordance between twins is not 
a diagnostic parameter. Despite its widespread diffusion, this staging does not allow 
an accurate prediction of the neonatal outcome or of the chronological evolution of 
the pathology since the five stages are not always consecutively present in the TTTS. 
In monoamniotic monochorionic pregnancy, the ultrasound features of TTTS are the 
polyhydramnios in the common sac and the different bladder sizes in the two fetuses.3 
A timely diagnosis allows for the possible fetoscopic treatment by laser ablation of the 
anastomosis with the survival of both twins in 60%–70% of cases and at least one of 
the twins in 80%–90% of cases, ablation is indicated in all stages but generally stage 
I is managed conservatively with close ultrasound surveillance. If laser ablation is not 
possible a therapeutic option is a multiple amnioreduction starting from 26 weeks.3

FIG. 5.2 Monochorionic twins anastomoses.

TABLE 5.4 Quintero’s classification system.3,8

Stage Classification

I Polyhydramnios-oligohydramnios sequence
- receiving twin with DVP> 8 cm before 20 weeks
- receiving twin with DVP> 10 cm after 20 weeks
- donor twin with DVP <2 cm

II The donor twin’s bladder is not visible on ultrasound
III Hemodynamic abnormalities in one or both twins

- diastolic flow in art. umbilical absent or inverted
- wave a in the inverted venous duct
- pulsatile flow in the umbilical vein

IV Hydrops of one or both twins
V Death of one or both twins

DVP, deepest vertical pocket.



74 CHAPTER 5 Management and outcome of twin pregnancies

5.4.2 Anemia-polycythemia sequence (TAPS)
TAPS is due to the presence of small arteriovenous anastomoses (<1 mm) that allow 
a slow transfusion between the twins causing a discrepancy between the hemoglobin 
levels at birth, the donor twin has a picture of chronic anemia while the recipient 
is polycythemic. The incidence of spontaneous TAPS in monochorionic-diamniotic 
pregnancies is 5%, iatrogenic forms appear in 13% of laser ablation for TTTS.3 
The diagnosis involves monitoring the systolic peak speed in the middle cerebral 
artery (MCA-PVS), a value >1.5 MoM indicates anemia while a value <1 MoM 
indicates polycythemia. Other ultrasound signs are a hyperechoic and thick placenta 
in the donor twin, anechoic and thin in the recipient which also has a liver with a 
“starry sky” appearance due to the hyperechogenicity of the vessels of the portal 
system.3 The evolution of the clinical picture, in severe forms, sees the donor’s 
cardiac impairment, resulting in dropsy and fetal death. There is not much evidence 
regarding the outcome and case management of TAPS, therefore treatment must be 
individualized on a case-by-case basis, opting for vigilant waiting, early delivery, 
laser ablation or an anemic twin transfusion in utero. Fig. 5.3 shows differences in 
TTTS and TAPS pathophysiology.

5.4.3 Inverted arterial perfusion sequence (TRAP sequence)
The TRAP sequence is a rare complication where an acardial twin mass is perfused 
by the “pump” twin which is apparently normal, perfusion occurs retrograde through 
arteriovenous anastomoses at the point of common cord insertion. The proposed 
pathogenesis is the association of paired AA and VV anastomoses through the placenta 
combined with delayed cardiac function of one of the embryos early in pregnancy. 
The picture evolves into progressive high-output heart failure in the twin “pump” 
and its death in 30% of cases treated conservatively. Presently the most commonly 
used technique for TRAP sequence is intrauterine radiofrequency ablation (RFA) 
of the cord of the recipient or cord ligation by fetoscopic procedure with survival 
rates of the “pump” twin of >80%. The management of these pregnancies should be 
entrusted to third-level centers.3

5.4.4 Monoamniotic twins and cord entanglement
Monoamniotic twins are rare, they occur in about 1 in 8000 pregnancies and, as 
such, constitute 5% of monochorionic pregnancies and are at extremely high risk 
of pregnancy complications and fetal loss. Female fetuses predominate, only 25%–
35% being male pairs. These pregnancies can be diagnosed reliably by ultrasound 
in most cases. Umbilical cord entanglement is present in almost all monoamniotic 
twins when it is systematically evaluated by ultrasound and color Doppler. Sulindac 
(a COX2 inhibitor) has been suggested as a means of medical amnioreduction 
(decreasing urine output from fetuses) to diminish fetal mobility and thereby cord 
entanglement, but acute intertwin transfusion is most likely an important cofactor and 
intrauterine demise can occur despite sulindac administration. Also, due to potential 
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FIG. 5.3 Scheme of pathophysiology of TTTS and TAPS in monochorionic twins.

side‐effects and no definite proof of benefit, the use of sulindac has not gained 
widespread popularity. Elective preterm birth (<33 weeks) and careful surveillance 
of monoamniotic twins may improve survival rates.

5.4.5 Cerebral palsy risk
Adverse neurodevelopmental outcomes are associated with twin pregnancies, 
considering the high risk of prematurity. In addition, several studies reported a 
higher risk of cerebral palsy (CP) in complicated monochorionic twin pregnancies 
and in vanishing twin syndrome (VTS). The aetiology of spastic CP, in the majority 
of cases, is not known but the general consensus is that cerebral impairment occurs 
prepartum. In monochorionic twin pregnancies, death of one twin late in gestation 
is recognized as being an important risk factor for the surviving co-twin to have CP. 
Ischemic processes and/or thrombotic causes were proposed as responsible for this 
adverse outcome. Nowadays, progresses in manage complicated twin pregnancies 
offer improved chances to reduce this complication (i.e., fetal neuroprophylaxis, 
laser therapy or vascular anastomoses ligature).

The VTS is a not unusual complication of twin pregnancy. It occurs mainly in 
the first trimester, less frequently in the second and third trimester. The early VTS is 
usually associated with favorable pregnancy outcome. On the opposite, the second 
or third trimester VTS is related to higher risks for pregnancy due to thromboplastin 
embolization events and great risk for surviving twin. At this regard, studied de-
scribed a significant correlation between VTS and CP since the late 1990s.13 Later, 
Pinborg et al observed that one in 10 IVF singletons originates from a twin gestation. 
Spontaneous reductions that occur at >8 weeks gestation are one of the causes for 
the higher risk of adverse obstetric outcome in IVF singletons; OR for CP resulted 
1.9 (95% CI 0.7–5.2). Furthermore, we observed a correlation between the onset of 
spontaneous reduction, i.e. the later in pregnancy the higher the risk of neurological 
sequelae (r = −0.09; P = 0.02).14
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5.4.6 Antenatal preventive interventions
Preterm birth, spontaneous or iatrogenic, is one of the main complications of 
twin pregnancy. Second trimester (18–24 weeks) cervical length screening by 
transvaginal ultrasound scan should be offered. In asymptomatic women, a 
cervical length threshold of 20 mm or less should be used.9,15 In symptomatic 
women, cervical length screening has a poor predictive value for preterm birth 
in twins. However, even if women at increased risk of preterm birth with twins 
are accurately identified, there is no effective preventive strategy (this includes 
progesterone, bed rest, Arabin pessary, and oral tocolytics).9,16,17 Recently, Merced 
et al. presented the results of a randomized controlled trial designed to ascertain 
whether cervical pessary could be useful in preventing PTB in twin pregnancies: 
significant differences were observed in PT rate before 34 weeks between the 
pessary group (16.4%) versus the control group (32.3%) after a threatened preterm 
labor episode.18 Anyway, further investigations are needed in this field. Routine 
administration of corticosteroids is not recommended, which should be reserved 
for symptomatic cases and with the real risk of imminent childbirth. Steroids 
should be given if delivery is expected before 34 weeks, or if cesarean section 
(CS) is planned before 37 weeks’ gestation. Repeat courses of steroids in case of 
threatened preterm birth should be based on individual circumstances and should 
no longer be routine practice.9

In the late 1990s, studies demonstrated the use of magnesium sulfate for the pri-
mary prevention of CP in preterm infants. However, since CP is a result of multiple 
interacting risk factors rather than of a single cause, it is unlikely that antenatal magne-
sium sulfate administration alone can prevent all cases of this illness in preterm infants. 
WHO recommended for both singleton and multiple pregnancies the use of magne-
sium sulfate for fetal protection from neurological complications in case of imminent 
(within the next 24 h) preterm birth <32 weeks of gestation. Several regimens were pro-
posed and one of the most used is 4 g iv over 20 minutes and then 1 g/h for 8 to 24 h.19 
For the prevention of hypertensive disorders in pregnancy, it is possible to advise the 
pregnant woman to take 150 mg of aspirin starting from 11 weeks. The risk factors to 
be identified in this case are nulliparity, maternal age over 40 years, familiarity with 
preeclampsia, an interval with the previous pregnancy of 10 years and a BMI > 35.9,20 
The Fetal Medicine Foundation (FMF) algorithm identifies high-risk population for 
pre-eclampsia (PE) in the first trimester and suggests aspirin prophylaxis. It combines 
maternal history, mean arterial pressure, sierological marker (placental growth factor 
-PLGF) and ultrasound marker (uterine artery PI) to define a level of risk.21 Home 
bed rest is not evaluated in randomized clinical trials, and hospital bed rest results not 
helpful.

5.5 Peripartum care
Preventive pianification of timing, place and mode of delivery are crucials aspects in 
twin pregnancies in order to achieve the best outcomes for mothers and babies.



775.5 Peripartum care

5.5.1 Timing of birth
Women who come into the multiple pregnancy clinic commonly ask when their 
babies will be delivered.

Once informed them of the very significant risk of preterm delivery in all mul-
tiple pregnancies, clinicians can then move on to discussing the optimal timing of 
delivery. This timing is determined by the balance of competing risks to the fetus: 
the increasing risk of intrauterine demise or neurological injury as the pregnancy 
progresses is weighed against the risk of prematurity associated with mortality and 
morbidity for the neonate. For twin pregnancies, the balance of risks varies with 
chorionicity. For dichorionic-diamniotic twin pregnancies, the risks are balanced at 
37 weeks with an increase in perinatal mortality for pregnancies continuing beyond 
38 weeks. In monochorionic pregnancies, the risk of intrauterine mortality seems to 
exceed the risk of neonatal mortality after 36 weeks.22 National guidelines recom-
mend delivery between 37 and 38 completed weeks of gestation and monochorionic-
diamniotic twin pregnancies from 36 to 37 weeks.23 Monochorionic-monoamniotic 
pregnancies are subject to additional severe risks compared to diamniotic pregnan-
cies, with around 18% of fetuses suffering intrauterine demise. In these pregnancies, 
CS should be planned between 32–34 weeks of gestation.24

The delayed delivery (asynchronous delivery) is possible in specific situations, 
especially in multiples. Our experience (data not published) between 2000 and 2008 
registered 18 cases of delayed-interval delivery in multiple pregnancies: 14 women 
with a twin pregnancy and 4 women with triplets. All women delivered their first 
twin between 16 and 22 weeks and then were treated according to internal protocol. 
Outcomes were: four first newborns survived despite the severe prematurity; average 
of the delivery of the remaining fetus(es) was postponed of about 26 days (35% un-
derwent CS); the survival rate of the 22 babies born after interval was 65%; neonatal 
follow up at 1 year showed uneventful development in 18 babies; 5 babies suffered 
from handicaps due to prematurity/immaturity despite the postponement (CP, reti-
nopathy, bronchopulmonar dysplasia, motor retardation).

5.5.2 Mode of delivery and induction of labor
The mode of delivery in twin pregnancy is largely discussed, due to several attitudes 
and clinical choices often taken by obstetricians. Topics of discussion were/are 
prophylactic CS, lack of confidence to assist vaginal delivery and to perform internal 
manouvers, fear of medical-legal problems.25 Anyway, for uncomplicated dichorionic-
diamniotic twins, if the leading twin is cephalic it is reasonable to aim for vaginal 
delivery. If twin one is non‐cephalic, CS is probably the safer option (Fig. 5.4). In 
many countries, monochorionic-diamniotic twins will commonly be delivered by 
CS; however, when uncomplicated, the option of vaginal birth could be considered 
also in monochorionic-diamniotic pregnancies. There is a possible risk of acute twin‐
to‐twin transfusion syndrome occurring during labor, although the real risk of this 
complication appears to be small.9,26 Planned CS for monochorionic-monoamniotic 
pregnancies is required for too high risks of intrapartum complications. Table 5.5 
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FIG. 5.4 Twin presentations at term.

TABLE 5.5 Mode of delivery for twin pregnancy according to fetuses presen-
tation and chorionicity.

Presentation Mode of delivery

VERTEX A/VERTEX B VAGINAL DELIVERY

VERTEX A/NON VERTEX B
controversial…

1. VAGINAL DELIVERY OF AMANAGEMENT OF B:
•	 BREECH	EXTRACTION
•	 EXTERNAL	CEPHALIC	VERSION	(successful–

vaginal; unsuccessful–cesarean section)
2. CESAREAN SECTION

NON VERTEX A CESAREAN SECTION

Chorionicity Mode of delivery

DICHORIONIC-DIAMNIOTIC VAGINAL DELIVERY is a good option in absence of 
other maternal/fetuses’ contraindications

MONOCHORIONIC-DIAMNIOTIC
controversial…

1. VAGINAL DELIVERY is possibile: consider higher 
risk of acute TTTS in labor; consider eventual ac-
tive management to reduce interdelivery interval; 
required high experienced and trained team

2. CESAREAN SECTION is an option; many settings 
prefer prophylactic CS

MONOCHORIONIC-MONOAM-
NIOTIC

PLANNED CESAREAN SECTION is the safest option

A: first twin; B: second twin; CS, cesarean section.
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resumes the mode of delivery suggested for twin pregnancies based on chorionicity 
and fetal presentation. Continuous fetal heart monitoring (cardiotocography) is 
recommended during labor. Intrapartum ultrasound should be a useful tool to guide 
the obstetrics-midwife. Vaginal delivery of the second twin usually occurs within 30 
minutes of the first twin. Blood products should be always available and provision 
of intravenous fluid admistration is useful as supporting therapy. Active management 
of the delivery of the second twin is recommended to avoid a prolonged interval.9,26

About the induction of labor, studies reported different opinions. Several papers 
described a relatively good and safe profile of this practice to improve chances for 
vaginal delivery. For example, Zafman et al. observed that labor induction in twin 
gestations improved maternal outcomes and had similar neonatal outcomes com-
pared with planned CS.27 Inversely, Grossman et al observed that labor induction in 
twins was associated with increased maternal morbidity compared to planned CS. 
The increase in adverse maternal outcomes was due to those who underwent an in-
duction of labor and ultimately required CS.28

5.6 Peri-conceptional period: a “key window” 
of intervention?
Nowadays, we know a lot about twin pregnancies and medical progresses led to great 
improvements in management and outcomes, both for the mother and the babies.

A significant number of multiple pregnancies derived from assisted reproductive 
technologies and ART policies vary from country to country, leading to a great etero-
geneity in clinical cases, managements and outcomes.

The peri-conceptional period is emerging as a critical moment for the possible 
“prevention” of multiple pregnancies and therefore of the maternal-fetus-neonatal 
risks. For example, counseling and the correct selection of the population affected by 
infertility is essential for the reduction of multifetal pregnancy rates. A scrupulous se-
lection of women based on their specific infertility problem (anovulatory, unexplained 
infertility, polycistosis ovary syndorme—PCOS), age, bodyweight should allow clini-
cians to make reasoned choices regarding the pharmacological stimulation protocols 
and the ART procedure. In the obese patient and, with less evidence, in the overweight 
patient, the reduction in body weight correlates directly with the pregnancy and live 
birth rates.29 Therefore, the couple must be adequately informed of the path to follow, 
of the highest risk of obtaining a multifetal pregnancy by ART and which in this case 
would require “ad hoc” management. In women with good reproductive potential, an 
in vitro fertilization cycle with transfer of two embryos, compared to the transfer of a 
single embryo, increases the probability that twin pregnancy occurs, but at the same 
time increases the risk of preterm birth, increasing thus the probability of unfavorable 
neonatal outcome. The number of embryos to be transferred should be defined on the 
basis of successful predictive models. In women with a good prognosis, the only strat-
egy to minimize the risk of multifetal pregnancy is the use of the transfer of a single 
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TABLE 5.6 Practice advice for a “good” twin pregnancy management.

Practice advice

Antenatal care
•	 dating	and	definiton	of	chorionicity	(dichorionic	versus	monochorionic)
•	 accurate	counselling	about	increased	risks	for:

- miscarriage
- aneuploidy (include information on I trimester screening—combined test and/or non-

invasive prenatal test–and invasive diagnosis techniques)
- fetal structural anomalies
- meternal anemia
- preterm birth
- fetal growth disorders or other specific twin pregnancy abnormalities
- thromboembolism risk
- intrapartum complications (cesarean section, post-partum hemorrhage, maternal 

transfusion)
•	 refer	to	perinatal	centre	of	adequate	level	in	management	of	twin	pregnancy
•	 monitoring:	timing,	frequency	of	evaluations	established	on	several	issues:

- chorionicity (dichorionic-diamniotic versus monochorionic-diamniotic versus mono-
chorionic-monoamniotic)

- uncomplicated versus complicated
•	 prophylactic	interventions:

- preterm birth prevention–scarce evidence for progesterone, cervical cerclage, pes-
sary, tocolytic drugs

- if short cervix (<25mm) detected by US scan, micronized vaginal progesterone de-
creases risk of preterm birth and ameliorates neonatal mortality and morbidity

- corticosteroids administration - no as a routine tool; administered if delivery is ex-
pected <34 weeks, <37 weeks for planned CS

- magnesium sulphate for cerebral palsy prevention (<32 weeks)
•	 Specialized	and	individualized	management	based	on	case-by-case	needs
Intrapartum care
Induction of labor/pregnancy interruption if pregnancy reaches 38 weeks in dicho-
rionic diamniotic; 36 weeks in monochorionic diamniotic; 33 weeks in monochori-
onic monoamniotic
•	 adequate	setting	and	experienced	healthcare	team	for	assisting	twin	delivery	(skilled	

obstetrics and midwives, neonatologist, neonatal intensive care unit, anesthesist)
•	 preinduction	of	labor	with	baloon/dilapan/amniorexis	is	preferable,	when	indicated
•	 timing:	related	to	pregnancy	course	(fetal	and/or	maternal	complications)	and	chorionicity
•	 mode	of	delivery:

- vaginal delivery a good option (first twin cephalic–both dichorionic and monoamniot-
ic-diamniotic). Continuos fetal surveillance. Active management of second delivery if 
needed. Immediate CS accessibility

- CS if both twins or first twin not cephalic
- CS if monochoriotic-monoamniotic
- active management of third stage (high risk for post-partum hemorrhage)

•	 group	B	Streptococcus	(GBS)	prophylaxis	if	preterm
•	 oxytocin	may	be	used
•	 blood	products	available
•	 intrapartum	ultrasound
•	 post-partum	hemorrhage	prophylaxis
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embryo in fresh cycles, although this procedure is associated with lower rates of live 
births compared to the transfer of two embryos.29 Embryo transfer policies vary from 
country to country. Even in this area, however, there are significant legislative dif-
ferences, which regulate this practice. ART with two embryos transfer is a standard 
line-guide in many infertility centers. Embryo tranfer trends changed worldwide in 
the last few years and multiple pregnancies (three or > three fetuses) decreased. Mul-
tifetal fetal is considered a iatrogenic complication in ART and in some countries 
embryo reduction is available. It is the procedure more used to eliminate supernumer-
ary embryos by potassium chloride or salt solution injection in fetal heart, under ul-
trasonography guide. However, where spontaneous multifetal or ART pregnancy has 
occurred, the prevention of possible complications is based on the clinical-laboratory-
instrumental management following validated national and international guidelines.

5.7 Conclusion
Nowadays, twin pregnancies are a more frequent reality in the obstetric daily practice 
and require a great attention in the management, being associated with higher 
risks for maternal-fetal-neonatal complications compared to singleton pregnancy. 
Monochorionic twin pregnancies need to highest attention, should be referred to 
specialized clinics/tertiary level centers, and receive a multidisciplinary management 
during pregnancy and at delivery.

However, specialized and individualized antenatal and intrapartum care are at the 
basis of a good management in order to achieve the best outcomes (Table 5.6).
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6.1 Introduction
The mystery and secret of conjoined twins (CT) has interested people since ancient times. 
In addition to their unusual and stunning appearance, they were viewed with dread, as 
their birth was a sign of impending catastrophe or “punishment of God” for human sins.

In recent decades we hear more news about CT cases; they became the focus of 
intensive media interest. The growing attention can be attributed to the fact that with 
the development of medicine, more and more attempts are being made to success-
fully separate them. Furthermore, due to the Internet, all news becomes immediately 
available worldwide.

6.2 History of conjoined twins
Several archaeological findings testify to the existence CT in human beings dating 
back thousands of years. Among their artistic representations, numerous idols (mainly 
stone and ceramic figurines, rock paintings, cave drawings) have been found all over 
the world (Middle East, Polynesian Islands, Australia, Central America, Europe) in 
stone age settlements, caves, tombs; these were mainly double-headed creatures.1,2

The earliest example of CT is a marble statuette of “the double goddess” dating 
from 6500 BC in Çatal Höyük, Turkey.3 In a small Mexican village (Tlatilco) that 
existed about 3000 years ago the excavations has also revealed many small female 
figurines of a wide range of facial and cranial duplications. The faces and heads from 
Tlatilco are particularly interesting because they are developmentally and propor-
tionately correct, surprisingly.4,5

The oldest written record of the birth of a two-headed boy dates from 375 AD; 
they died three days apart at the age of two.6 One of the earliest monuments in Eu-
rope comes from Biddenden in England. Born in 1100, joined at the hips and shoul-
ders, Elisa and Mary Chulkhurst were the most famous, long-lived twin couple be-
fore the famous Siamese twins, who are recorded in the chronicles. They died at the 
age of 34, 6 h apart. The surviving sister refused separation surgery to save her life, 
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remarking: “As we came together, we will also go together.” In their memory, the 
locals bake several hundred cakes stamped with their image and distribute them to 
the poor on Easter Sunday (Fig. 6.1).7,8

The term “Siamese twins” originated with Eng and Chang Bunker. The boys were 
joined from sternum to sternum by a three-inch cartilage that connected their livers. 
They were born in Siam (now Thailand) in 1811 and lived to age 63 (Fig. 6.2).4,8 They 
were the longest-lived CT before the Galyon twins, who died in 2020 at the age of 68.

We cannot undertake the listing of all CT cases therefore the main characteristics of 
the most famous and longer-lived cases are presented in Table 6.1 (Figs. 6.3 and 6.4).8–10

FIG. 6.1 A portrait of Elisa and Mary Chulkhurst (pygopagus conjoined twins) (1100–1135) 
on the Easter Wafers.

Plaster casts of wooden stamp for Biddenden cakes that were available in 1900.

Source: George M. Gould and Walter L. Pyle. Anomalies and Curiosities of Medicine. Philadelphia: 
W.B. Saunders. 1896. Fig. 39. p. 175. Biddenden Maid’s cake (Ballantyne).



876.2 History of conjoined twins

FIG. 6.2 Chang and Eng Bunker (May 11, 1811 – January 17, 1874).

The expression “Siamese twins” has become a synonymous of all conjoined twins. They 
were fused in the ligament (containing a part of their livers) connecting their sternums 
(xyphopagus). Up to 2012, both the Bunker and Tocci brothers had the longest known 
lifespan (63 years) of any conjoined twins in history.

Source: (left) The picture of Chang and Eng Bunker was published in a Hungarian newspaper called 
“Vasárnapi Újság” which means “Sunday news” in 1868, with a short, medically expert article, and, source 
(right). Representation of the Siamese twins in old age. On each side of them is a son. George M. Gould and 
Walter L. Pyle. Anomalies and Curiosities of Medicine. Philadelphia: W.B. Saunders. 1896. Fig. 31. p. 169. 

The original photograph is in the Mutter Museum, College of Physicians, Philadelphia.

Table 6.1 “Records” of conjoined twins.

Known conjoined twins from the oldest age

•	Two-headed	(dicephalic)	boys	born	in	the	castle	of	Emmaus,	375	AD,	they	died	3	days	
apart

Longest-lived, male conjoined twins (deceased)

•	Age	68	-	Ronnie and Donnie Galyon – Born October 28, 1951, Dayton, Ohio, USA, died 
July 4, 2020. They were joined from the sternum to the to the groin and had separate 
hearts and stomatchs, but shared a set of lower organs. According to the 2009 Guinness 
World Records, the Galyons were the oldest living set of conjoined twins in the history.
•	Age	63	-	Chang and Eng Bunker – Born in Siam (now Thailand), May 11, 1811. The 
boys joined at sternum (xyphopagus). They were brought to the United States in 1829 
and later settled in North Carolina. Both married and they fathered a total of 21 children. 
They died on January 7th, 1874, 3 hours apart (Fig. 6.2)
•	Age	63	-	Giacomo and Giovanni-Batiso Tocci - Born 1877 in Locana, Turin, Italy, died 
1940. They had two interlocking upper bodies and a common lower body (parapagus 
dicephalus tetrabrachius dipus) (Fig. 6.3)

(Continued)



88 CHAPTER 6 Conjoined twins

Longest-lived, female conjoined twins (deceased)

•	Age	61	-	Millie and Christine McKoy Born in North Carolina, July 11, 1981, died Oc-
tober 12, 1912. They were joined at the inferior posterior parts of their bodies (joined at 
their buttocks) (pygopagus). The African-Americans girls traveled throughout the world 
performing song (one soprano and the other contralto voice) and dance for entertainment. 
They became known as “The Two-Headed Nightingale”
•	Age	53	-	Masha and Dasha Krivoshlyapova. Born in Moscow, Russia, on January 4, 
1950, died in April 2003. They were fused at the pelvis and vertebrae; they had two 
heads, four arms and three legs (parapagus dicephalus tetrabrachius tripus). They were 
removed from their mother’s custody at birth to be studied by Soviet physiologists. Their 
mother was told that her daughters had died soon after their birth

Currently the world’s oldest living conjoined twins

* Reba, although born female, identifies as male and changed his name to George in 2007
•	Lori and Reba (George*) Schappell (born 1961, in Reading, Pennsylvania, USA) - They 
are joined at the head (craniopagus). Lori works in a laundromat and is Reba’s (George’s) 
facilitator. Reba (George) has performed as a country singer and also designed support 
equipment for people with physical disabilities

Currently living conjoined twins without separation (including Schappell twins, 
see below)

•	Ganga and Jamuna Mondal (their name were previously: Ayara and Jayara Ratun) (born 
1970, in a Bengali family in Basirhat, West Bengal, India) - Joined at the abdomen and 
pelvis; they have a fused leg, share a stomach, liver, and reproductive tract (ischi-omh-
alopagus), known professionally as The Spider Girls or The Spider Sisters. They share a 
husband who loves them equally
•	Abigail and Brittany Hensel (born March 7, 1990, Minnesota, USA) - They share a single 
body, but they have separate heads side by side (dicephalic parapagus tribrachius twins). 
Both graduated in 2012 from Bethel University, St. Paul and work as teachers
•	Carmen and Lupita Andrade (born in June 2000, Veracruz, Mexico). They later moved 
to the United States for healthcare with their parents (dithoracicus tetrabrachius)
•	Anastasia and Tatiana Dogaru (born in Lazio, Italy, January 13, 2004 - the top of Ta-
tiana’s head is attached to the back of Anastasias’s head (craniopagus)
•	Krista and Tatiana Hogan (Vancouver, British Columbia, Canada, born October 25, 
2006) - They are joined at the head (craniopagus) and they share part of their brain; they 
can pass sensory information and thoughts between each other
•	Jesus and Emanuel de Nazaré (born Pará, Brazil, December 19, 2011) - conjoined by 
the head
•	Marieme and Ndeye Ndiaye, dicephalic parapagus twin girls born in Senegal in 2017, 
living in Cardiff, UK, in 2019

First successful separation surgery

•	The first record of separating conjoined twins took place in the Byzantine Empire in 975 
AD by a 30-year-old male omphalopagus twin born in Armenia. One of the conjoined 
twins had already died. The doctors attempted to separate the dead twin from the surviv-
ing twin, but the other also died three days later
•	The	first recorded successful separation was performed by Johannes Fatio in Basel in 
1689 in the case of an xyphopagus twin girls who were connected to each other with a 
12 cm connective tissue tape, (bundle). They both survived the intervention

Table 6.1 “Records” of conjoined twins. Continued

(Continued)
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In 1955, neurosurgeon Dr. Harold Voris of Mercy Hospital in Chicago performed the first 
successful procedure separating conjoined twins joined at the head

Separation at the oldest age of conjoined twins

•	28-year-old	Laden and Laleh Bijani - Iranian women born on January 17, 1975 (crani-
opagus). Their separation was attempted in Singapore on July 8, 2003, but they both lost 
their lives during the surgery

Conjoined twins who have given birth to a child

•	Rosa and Josepha Blazek (pygopagus): In 1910, at the age of 32, Rosa gave birth to a 
boy who both women could breastfeed. At the age of 44, they died 12 min apart in the 
United States. This was the only known case in the world in which “siamese” twins had a 
healthy boy raised together (Fig. 6.4)
•	Ganga and Jamuna Mondal (Jandal), also known as The Spider Girls (ischio-omphalopagus): 
At the age of 23, they gave birth to a daughter by Caesarean section in 1993, but the newborn 
lived only a few hours

Table 6.1 “Records” of conjoined twins. Continued

FIG. 6.3 The Tocci brothers photographed with their inner arms raised and clasped.

Born in Locana, Italy, Giacomo and Giovanni Tocci (1877–1941) have two interlocking upper 
bodies fused in a common lower body (parapagus dithoracius). They had common sexual 
organs, yet they married two women (sisters). They could not walk on their own. They lived to 
the age of 63. They were the inspiration for Mark Twain “Those extraordinary Twins.”

Source: George M. Gould and Walter L. Pyle. Anomalies and Curiosities of Medicine. 
Philadelphia: W.B. Saunders, 1896. Figure 48. p. 186. The photo represents Giacomo 

and Giovanni Tocci as they were exhibited several years ago in Germany.
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FIG. 6.4 Rosa and Josepha Blazek touring music halls and theaters throughout England and 
Europe.

The Czech Rosa and Josepha Blažek (Bohemian twins) (1878–1922) were joined in 
the lumbal region of the spine, they were pygopagus female twins. They had a single 
urethral opening and anus, but had two vaginas. They were attractive women, spoke many 
languages, sang beautifully, danced well, and played many musical instruments. In 1907, 
Rosa married. In 1910, at the age of 32, she gave birth to a boy who could both breastfeed 
and whom they brought up together.

Source: George M. Gould and Walter L. Pyle. Anomalies and Curiosities of Medicine. 
Philadelphia: W.B. Saunders, 1896. Fig. 43. (p. 181).
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6.3 Conjoined status in plants and animals
CT specimens are not limited to human beings; they can also occur in plants and 
animals. In the former, the most common are the united fruits (e.g., plums, sour 
cherries, apples, and kiwi); sometimes even double-triple fusion can be detected. 
Doubling of vegetative parts of plants (leaf, tuber: potato, root: carrot) may be due to 
imperfect separation of the plant embryo.

In animals, the earliest known example is the fossil of a dicephalus embryo of an 
ancient reptile from the Cretaceous era, 125 million years ago, in China.11

Many vertebrates—fish, reptiles, amphibians, birds, primates, and other mammals—
were observed to have different types of duplication with varying frequency by species. 
In domestic animals such as calves, lambs, goats, horses, dogs, cats, pigs, and chickens, 
such cases have also been found (Fig. 6.5). Among the wild animals, the two-headed 
snake is the most common.

FIG. 6.5 The one-headed and three-bodyed wonderland (sheep) was born in Cluj-Napoca 
in 1620.

Source: Eugen Holländer: Wunder, Wundergeburt und Wundergestalt, Stuttgart, 1921, Fig. 33.
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6.4 Development of conjoined twins
There are two contradictory theories on their formation, which are still debated 
today: fission and fusion.12

According to fission theory, CTs are formed due to imperfect splitting of the zy-
gote after the formation of two embryonic plates. At days 14–15 after conception, the 
split begins, but the primitive strip and embryo shield do not separate perfectly. The 
process stops before perfect separation and the development of partially detached 
cells continues as a fused fetus. The twin formation is incomplete and a missed or in-
complete doubling at the head or tail end of the body axis leads to the disorder. Many 
variations of fusion are observed depending on the location and extent of the defect.

Others, on the other hand, assume that CT is created by the fusion of two embryos 
that have previously been completely separated. In this case, the two embryo plates, 
which had previously been separated, grow to each other in secondary locations, at 
defined developmental sites. Nowadays, this theory is related to Rowena Spencer, 
who says the process is possible 14–25 days after conception.12

Parasitic twins result from embryonic death of one twin, leaving various viable 
body parts vascularized by the surviving autosite.

The reason for their formation is not completely clarified. It is not certain that 
each type of CT can only be created by one type of mechanism. It is also possible that 
each type may develop differently: the formation of parapagus would be explained 
by the theory of fission, whereas fusion theory, for example, would be more appropri-
ate for the formation of cephalopagus or pygopagus.12

6.5 Embryology of conjoined twins, mechanism 
of their development
CT represent a special group of congenital anomalies occurring in genetically 
identical, monozygotic, monoamniotic and monochorionic twins with the same sex. 
CT are always of the same sex, even though several cases of pseudo-hermaphroditism 
have been documented.

The union is always homologous: head to head, side by side, etc. Fusion can oc-
cur only on certain areas of the body (affecting eight regions), the extent of which 
may vary by case and type: from a small connective tissue bridge to complete fusion 
of two bodies. In typical symmetrical cases, both have their own separate organs 
apart from their junction (Figs. 6.2 and 6.4). In the case of a small degree of fusion 
they can be viable individually after separation.13

In the case of asymmetric, parasitic (nonviable in itself) forms, the parasite may 
be associated with different regions of the intact (autosite) twin body. In such cases, 
often only a few supernumerary body parts (e.g., hands or feet) are detected on the 
body of autosite (Figs. 6.6 and 6.7).12,13
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One type of the parasitic form is the “fetus in fetu” (fetus in the fetus or endopara-
site) where the vestigial (parietal) parasite is located inside a cavity of the autosite’s 
body.13,14

6.6 Classification of conjoined twins
CT are typically classified by the point at which their bodies are joined. The 
major types of CT were described first in 1573 by the French renaissance surgeon, 
Ambroise Paré.15 The classification of CT is based on Geoffroy Saint-Hilaire’s 1830 

FIG. 6.6 Lazarus Colloredo – Joannes 
Baptista 1617–1640 (1650?) (epigastricus 
parasiticus).

He was born in Genoa, in 1617, and 
exhibited himself all over Europe. From his 
epigastrium hung an imperfectly developed 
twin that had one thigh, hands, body, arms, 
and a well-formed head covered with hair. 
There were signs of independent existence 
in the parasite, movements of respiration, 
etc., but its eyes were closed. He was 
married and the father of several healthy 
children.

Source: George M. Gould and Walter L. Pyle. 
Anomalies and Curiosities of Medicine. Philadelpha: 

W.B. Saunders, 1898. (Fig. 55. p. 190).

FIG. 6.7 Josephine Myrtle Corbin (The 
Women from Texas with Four Legs) (1868–
1927) was double-bodied from the waist 
down (including the perfectly functioning 
genitals) (dipygus parasitic conjoined twin, 
duplicatio caudalis.

The growth of the two middle legs stopped 
in her childhood, so she could only walk with 
the two outer legs. She married and gave 
birth to five children, three from one uterus 
and two from the other.). After her marriage 
she was known as Madame B. or Mrs B.).

Source: George M. Gould and Walter L. 
Pyle. Anomalies and Curiosities of Medicine. 
Philadelpha: W.B. Saunders, 1898. Fig. 55. 

p. 190. 17. Fig. 59. p. 195.
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classification, their modified and improved version is still used today.16 It is worth 
mentioning the classifications of Luigi Gedda17 and Guttmacher and Nichols,18 
which were widespread until the mid-1990s. The latest and the most up-to-date 
developmental and pathological classification related to Rowena Spencer who 
distinguished 8 major types of both symmetrical and asymmetric (parasitic) CT 
twins12 (Figs. 6.8 and 6.9). According to Spencer, the twins conjoined on the ventral 
and lateral sides, forms a continuum (Fig. 6.10). Besides that, the twins conjoined on 
the ventral and dorsal sides also show a continuum. The connection point between 
these two groups is the ischiopagus tetrapus type.

The definition of each type is shown in Table 6.2. The listed types do not always 
occur in a clear, distinct manner; they can often be mixed, with two or three types that 
may occur simultaneously in the same individual. The location and extent of union 
seen can be extremely variable. To illustrate the examples, some images of real, ob-
served cases are presented in Figs. 6.11–6.20.

FIG 6.9 The eight types of parasitic conjoined twins grouped together according to the 
location of union.

Source: Rowena Spencer: Conjoined twins. 2003. p. 53. Fig.2-16. Reprinted with the 
permission from W.B. Saunders or John Hopkins University Press.

FIG. 6.8 The eight types of symmetrical conjoined twins grouped together according to the 
location of union.

Abbreviations: Cephalo: cephalopagus; Thoraco: thoracopagus; Omphalo: omphalopagus; 
Ischio: ischiopagus; Para: parapagus, dicephalus, diprosopus; Cranio: craniopagus; Rach: 
rachipagus; Pygo: pygopagus.

Source: Rowena Spencer: Conjoined twins. 2003. p. 13. Fig.2-2. Reprinted with the 
permission from W.B. Saunders or John Hopkins University Press.
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FIG 6.10 The continuum of ventrally conjoined twins.

In R. Spencer’s opinion the twins conjoined on the ventral and lateral sides, forms a continu-
um. Besides that, the twins conjoined on the ventral and dorsal sides also show a continuum. 
The connection point between these two groups is the ischiopagus tetrapus type.

Source: Spencer R., 2001c, pt 1. fig.5. and in Rowena Spencer: Conjoined twins. 2003. 
p. 22. Fig.2-6. Reprinted with the permission from John Wiley and Sons.

Table 6.2 Definition of conjoined twins.

Site of union Types Definition Figures

Ventral Rostral Cephalopagus There are two faces and 
are joined from the top of 
the head to the umbilicus 
(Figs. 6.11 and 6.12)

Thoracopagus Are joined face-to-face 
from the upper thorax 
to the uppert part of 
abdomen and always 
involved the heart 
(Fig. 6.13).

Omphalo- 
pagus

The fusion includes the 
umbilicus region frequently 
at the lower thorax, but 
never the heart

(Continued)
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Site of union Types Definition Figures

Caudal Ischiopagus The union usually includes 
the lower abdomen and 
duplicated fused pelvic 
bones, and external 
genitalia and anus are 
always involved (Figs. 6.14 
and 6.15).

Lateral Parapagus Are laterally joined, 
regularly shared the pelvis. 
Varieties of parapagus 
conjoined twins are 
parapagus dithoracic 
(separated thoraces), 
parapagus dicephalus 
(Fig. 6.16) (one trunk two 
separate heads), and 
parapagus diprosopus 
(one trunk, one head, and 
two faces) (Fig. 6.18).

Dorsal Craniopagus Joined by the skull, share 
meninges but rarely the 
brain surface and do not 
include the face and trunk 
(Fig. 6.19).

Pygopagus Are dorsally fused, 
sharing perineal and 
sacrococcygeal areas, 
has only one anus but two 
rectums (Fig. 6.20).

Rachipagus Dorsally fused, the 
defect may involve the 
dorsolumbal vertebral 
column and rarely the 
cervical vertebrae and the 
occipital bone

Table 6.2 Definition of conjoined twins. Continued
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FIG 6.11 Male cephalopagus conjoined twins.

The stillborn conjoined twin fetuses were born at 32 weeks of gestation.

(Photo taken by Prof. Dr. Gyula Lázár, permission with his consent).

FIG. 6.12 Anterior–posterior X-ray image of the cephalopagus fetuses before autopsy. 1972. 
Pápa, Hungary.

(Photo taken by Prof. Dr. Gyula Lázár, permission with his consent).
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FIG. 6.13 Photo of thoracopagus conjoined fetus.

The diagnosis of conjoined twins was detected by ultrasound examination at the 19th week 
of pregnancy. Due to a developmental abnormality incompatible with life, pregnancy was 
terminated at the 20th week of gestation. 1983. Budapest, Hungary.

(Permission performed with the consents of Dr. Krisztina Hajdu and Prof. Dr. Miklós Török).

FIG. 6.14 

Photo of ischipagus conjoined twins at the age of two months (1983. Pécs, Hungary).
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FIG. 6.15 Photo of the same pair of ischiopagus male twins at the age of two. Their surgical 
separation took place at the Pediatric Clinic of the Medical University of Munich at the age 
of nine months.

As a result of the successful intervention they are both healthy and well.

(Photos taken by Prof. Dr. Tamás Decsi, permission with his consent).

FIG. 6.16 Photo of X-ray examination of parapagus dicephalus conjoined twin fetus diagnosed 
at the 19th of pregnancy.

(Photos taken by Dr., László Hernádi, permission with his consent).
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FIG. 6.17 Parapagus dicephalus case born in 1980.

Case 3. of Mihály Lenhossék, professor of anatomy.

Source: Lenhossék Mihály: Nachricht von einigen menschlichen Doppelmiβgeburten, 
Wiener Medic. Jahrbücher, Wien, 1820, VI. B., II. St, pp. 155–156. Figure: 3.

FIG. 6.18 Photo of parapagus diprosopus (dicephalus incomplet) conjoined twins after birth. 
1978.

Debrecen, Hungary. The embriopathy (imperfect separation) is considered to be the con-
sequence of untreated diabetes mellitus of the mother.

(Photo: taken by Dr. Károly Csécsei, permission with his consent).
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FIG. 6.19 Dicephalus female conjoined twins, born at Worms in 1495.

Paré’s contemporary, Sebastien Munster, published in 1552, in his Cosmography presents 
an excellent example of the dire effect of prenatal influence or maternal impression. He 
comments the wonderful phenomenon as follows: “As the mother of this girls joined by the 
forehead was gossiping with another women upon the street, an unexpected thing hap-
pened and stuck the two foreheads of the women, thereupon, the pregnant women ill with 
fright, so that the fruit within her womb had to suffer for it.”

Source: Reproduction of woodcut published in 1495. Brant, Sebastian, 1458–1521.

FIG. 6.20 Helen (Ilona) and Judith, Hungarian sisters (pygopagus conjoined twins)- known 
as “monstrum hungaricum”—was born in Szőny, Hungary, on October 26, 1701 joined in the 
lumbal region of the spine, back to back.

They were born three hours apart. They were locked up in a convent from the age of 9. 
They lived for 22 years without separation. It was believed that the reason for their junction 
was attributable to maternal admiration: “the mother looked closely at mating dogs in the 
first week of pregnancy …”

Source: Engraving drawing in Philisophical Transactions, London 1757. Vol. L. P. I. p. 316.
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6.7 Etiology
Thousands of years ago, human imagination regarded the births of CT as supernatural 
phenomenon. In the absence of knowledge, various beliefs, among them irrational 
and mystical explanations, were born. Ambroise Paré, in his book of “Monsters and 
Prodigies,” lists the presumed causes generally accepted concerning their etiology, 
such as “punishment” of God for the wickedness of men, the abundance or deficient 
of seed (sperms), maternal imagination (wondrous) (Fig. 6.19), too narrow uterus, 
too tight clothing, sitting cross-legged, etc.15,18

Although researchers have been able to artificially induce a fusion state in ani-
mal experiments by various physical and chemical effects (e.g., shaking, cooling, 
warming, inducing oxygen deprivation, UV radiation, embryonic cell attachment, 
and certain teratogenic substances), the etiopathology in the human is still not well 
known.19–22 It can be assumed that the causes are essentially the same as that for MZ 
twins in general,23 although it has also been suggested that secondary partial fusion 
of blastocysts may occur.24

Table 6.3 includes some suspected risk factors that could play a role in the formation 
of CT.25–45 In most cases examined, no specific environmental impact can be found to 
justify the developmental disorder. In fact, it is difficult to prove that it would be causal re-
lationship between a drug taken in early pregnancy, maternal illness, or suspected work-
related injury and CT; however, these effects cannot be ruled out.

Table 6.3 Suspected risk factors playing role in the formation of 
 conjoined twins.

Suspected risk factors References

Gene mutation 25
Abnormal X-inactivation (it could also be related to the increased 
female predominance)

26

Oral contraceptive pills used in periconceptional period or 
long-term usage of contraceptive pills

27,28

Assisted reproduction techniques (ovulation induction,  
ART, ISCI)

27,29,30,31,32

33,34,35,36,37
Ovulatory dysfunctions and calcium depression in extremely 
underweight woman

28

Medicines (teratogen drugs) used in early pregnancy
 valproic acid,
 prochlorperazine “Stemetil,”
 Griseofulvin
(other research has not confirmed this latter effect)

38
39
40
41,42

Maternal diseases: diabetes 27,43,44
Possible occupational hazards (eg. heavy metals: lead, copper, 
chromium)

27,28

Chronic low-dose radiation 45
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6.8 Epidemiology of conjoined twins, genetic 
and demographic risk factors
Studies on the epidemiological characteristics of CT have been conducted 
in several countries. To summarize diverse epidemiological aspects of CT, a 
worldwide collaborative epidemiological study was performed by the International 
Clearinghouse for Birth Defects Surveillance and Research (ICBDSR). It was the 
latest and largest sample of CT ever studied before. The analysis included a total 
of 383 carefully reviewed sets of CT, which were obtained from 26,138,837 births 
reported by 21 Clearinghouse Surveillance Programs (SP).29 Previously, a similar 
epidemiological study based on 312 CT cases was published by ICBDMS.30

Frequency – CT are very rare; their occurrence is estimated in 1% of MZ twins. 
Total prevalence, although variable, has been estimated to be 1:50,000 to 1:100,000 
births46–64 (Table 6.4). They are expected in every 40,000–60,000 pregnancies, but 

Table 6.4 Prevalence of conjoined twins observed in diverse populations 
studied: 1930–2010.

References Location Prevalence Value ranges

46 India 1:2800 Higher than 1:20,000 births
47 Uganda 1:4242
48 Taiwan 1:6500
49 Rhodesia-Africa 1:14,000
50 Sweden 1:20,000 Between 1:20,000 and 1:50,000 

births
51 Brazil 1:22,284
52 Maltese Islands 1:25,000
53 China 1:30,600
54 China 1:35,100
55 Australia 1:40,000
56 USA-Los Angeles 1:50,000 Between 1:50,000 and 

1:100,000 births
57 USA- Chicago 1:50,000
29 Worldwide 1:68,027
27 Hungary 1:68,500
58 South America 

ECLAMC
1:74,626

59 Sweden 1:75,000
60 USA-Atlanta 1:97,560
61 Japan 1:100,000 Between 1:100,000 and 

1:200,000 births
62 Spain 1:151,500
63 New York-USA 1:166,000
64 USA 1:200,000
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many cases are spontaneously aborted or artificially interrupted. The frequency of 
live births is less (between 1: 100,000–1: 200,000).

Some studies reported prevalence of CT as high as 1 in 2800 livebirths in India,46 
to as low as 1 in 200,000 livebirths in the USA.64 The very varying figures are most 
likely attributable to the population types and size monitored, the different meth-
ods of ascertainment (hospital or population records), inclusion or exclusion of still-
births, spontaneous abortions, and elective termination of pregnancy, which resulted 
in significant under-registration among some populations studies.30,55,56

Geographical, temporal and seasonal clustering of CT has been reported, spe-
cifically in the State of New York,65 South Africa,66,67 Sweden,59 Uganda,47 West 
Africa,68 Jerusalem,69 Latin America,58 Cardiff,70 and in Maltese Islands.52 Clear 
explanation (e.g. exogen influence) has not been found in any studies.

6.9 Ethnicity
CT are more frequent in Africa, India, and Taiwan than in the United States and 
Europe, suggesting an increased incidence in black and Asian populations. In the 
worldwide epidemiological study by ICBDSR, there were significant differences 
in prevalence by ethnicity: it was higher in Latin America than in Anglo-Saxon/
Caucasian and Latin European ethnic groups.30 This is a surprising finding because 
the occurrence of MZ twinning is nearly the same in all ethnic groups; ethnic 
variations are known only for dizygotic twinning.

Family studies have not revealed other CT in their families, and neither twins 
nor other congenital anomalies in siblings are more common than expected. Among 
more than 1500 descendants of Chang and Eng’s 21 children, several pairs of twins 
including MZ twins were born, but no other CT was recorded.71 There has been only 
one report of a second set of CT in the family.72 First-degree consanguinity between 
parents was also not found. Chromosomal aberration characteristic of CT has not 
been detected; the possibility of inheritance can be almost excluded.

Occurrence of multiple twins—Their incidence is extremely rare. Schinzel 
thought that CT occur with unexpected frequency in triplet sets.73 Some authors 
described the occurrence of CTs in triplet26,74,75 and quadruplet31,76 pregnancies, 
both spontaneously and artificially (due to IVF and ICSI) achieved. CT Info reports 
on a quadruplet pregnancy (Norway, 1953), in which two sets of the newborns were 
conjoined, all died at birth.77

Triplet CT—There are also reports of triple union: a boy was born with three 
heads in Sicily (1834) and another in Turkey (1955).12,77

Sex ratio—The higher proportion of females (70%–75%) among CT is a general 
characteristic. Female conceptions may be at higher risk of becoming conjoined, or 
spontaneous abortion of female conjoined conceptions may be less likely than male 
ones.78 However, the ratio of males is higher among stillborn CT. Significant differ-
ences were observed in prevalence by sex and by type of CT. Thoracopagus type is 
almost four times more frequent in females than in males, while parapagus and para-
sitic types is significantly more frequent in males than in females.29
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Distribution of CT types—Symmetric cases have an obvious predominance. Tho-
racopagus represent the largest number of cases (42%). The following most common 
types are parapagus dicephalus (11.5%), omphalopagus, and craniopagus with 5.5% 
each in the latest worldwide study.29 Parasitic CT were reported to be 3.9% of all 
specified CT. It appears that in previous centuries, the pygopagus type of CT was 
more common than nowadays.9

Maternal age and birth order did not show any association with CT in epidemiolog-
ical studies involving large numbers of cases. However, gestational age, birth weight, 
and previous spontaneous abortions showed a surprising correlation.29 The proportion 
of preterm delivery was very high (60%–75%); CT babies are born significantly earlier 
and with less weight than normal twins due to their pathological development.

Previous spontaneous abortion was reported in a higher proportion of CT moth-
ers than is usual in most healthy populations, as seen in both Hungarian (26.7% vs. 
13.1%) and worldwide epidemiological studies (19.7%).27,29 Maternal factors there-
fore may be of importance in the etiology of CT.27,78

Congenital anomalies unrelated to the site of union have been reported in 40%–
60% of CT.27,29,30,60 Among them the most common were musculoskeletal, gastro-
intestinal, nervous system and genital disorders, as well as VACTERL, schisis, and 
caudal regression abnormalities. The incidence of lip and cleft palate was also sig-
nificantly higher than expected. Concordant occurrence of malformations is more 
common but cases discordant for disorders have been also reported. Some of the 
malformations seemed to be associated with a more fundamental disturbance of em-
bryogenesis.79 On the basis of the higher-than-expected incidence of unrelated con-
genital anomalies, it is presumable that the formation of CT can trigger a so-called 
“cascade” process, which can result in further developmental disorders of the fetus.27

Pregnancy outcome—In mothers of CT, livebirth rate is gradually decreasing 
with the widespread use of ultrasound scans in recent decades. Majority of CT fetus 
are stillborn or die soon after birth. Nowadays, CT can be diagnosed as early as the 
9th week of gestation by ultrasonography (Figs. 6.21 and 6.22).

Life expectancy depends primarily on the severity of the associated disorders and 
the extent of fusion. In the Hungarian epidemiological study including 197 cases,9 
only one pygopagus female twin pair (the Szőnyi sisters born in 1701) lived to the 
adult age of 22 years without surgical separation. Only a few (around 20) sets of CT 
are living in the world without separation, of these, the well-known pairs are shown 
in Table 6.1. The oldest living CT are Lori and George Schappell born in 1961.

There is only one case in the world of CT twins giving birth to a healthy child: 
the Blazek sisters. While only Rosa experienced labor pains, both sisters were able to 
nurse the baby. The Indian Mandala (Jandal) twins—who became known as “Spider 
girls”—also gave birth to a daughter, but the newborn lived only a few hours.

Separation of conjoined twins—Conjoined twinning is one of the most challenging 
human malformations for surgeons. Moreover, these cases often raise religious, moral, 
ethical, and legal issues, for example, is it permissible to “sacrifice” one CT in the inter-
est of saving the other’s life? The surgeries often involve a moral dilemma. The first re-
corded attempt80 and the first successful separation of CT were mentioned in Table 6.1.
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FIG. 6.21 Image of ultrasound examination of thoracopagus conjoined twin fetus.

The diagnosis of conjoined twin was detected by ultrasound examination at the 9th weeks 
of pregnancy. Due to a developmental abnormality incompatible with life, pregnancy was 
terminated at 10th week of gestation.

(Photos taken by Dr. András Tankó, permission with his consent).

FIG. 6.22 Thoracopagus fetus after induced abortion.

(Photos taken by Dr. András Tankó, permission with his consent).
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The surgical separation of CT depends on the location and size of fusion, and the 
vital common internal organs that are shared. Separation in most cases carries a serious 
risk and often threatens the lives of one or both twins. Success in the management of 
CT requires an experienced team functioning in a specialized center with a full range of 
medical, neurological, and surgical specialities. In risky cases, it may be more advanta-
geous to disregard surgical separation. In some cases, they can have a better quality of 
life by remaining in a fused state, such as the Schappel or Hensel twins.

Surprisingly, most CT do not feel physically entrapped by this condition; they 
tend to readily accept the anatomy with which they were born.81 Laleh and Ladan 
Bijani were the first and only CT in history who asked to be separated in 2003 at the 
age of 29, even at the risk of their lives. The Iranian women both lost their lives tragi-
cally during the surgery.

From the 1950s to the present day, more than 200 surgeries have been performed. 
Among them, separation of craniopagus twins remains a rarity, which requires exten-
sive, highly complex surgeries. However, modern neurosurgical techniques have cre-
ated opportunities for successful separation and brings hope for a more normal life 
for these children. The most recent world-sensational operation was performed by a 
Hungarian medical team in the case of craniopagus twin girls, Rabeya and Rukaya 
Islam, born in Bangladesh, in 2018–2019 (Figs. 6.23 and 6.24).82

FIG. 6.23 Rabeya and Rokaiya Islam, born in Pabna, Bangladesh on July 16, 2016, joined at 
the head (craniopagus-type twins).

A team of Hungarian doctors has successfully separated Rabeya and Rukaya, 3-year-old craniopagus twins. The 
33-hour final separation took place in Dhaka, Bangladesh on August 1-2, 2019, as part of the surgery series 
called “Operation Freedom,” started in 2018, organized by Action for Defenceless People Foundation, led by Dr. 
Gergely Pataki, chief coordinator and team leader general and plastic surgeon (left) and Dr. Andras Csokay, team 
leader neurosurgeon (right).
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6.10 Summary
CT are an extremely rare group of identical twins. In this chapter, we review the most 
important historical cases of CT and summarize the current knowledge regarding 
their past artistic representation, incidence, types, etiology, pregnancy outcome, 
antenatal diagnosis, and surgical separation.
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7.1 Introduction
The investigators who have contributed short papers to this chapter are all twins. In 
addition, four of the five board members of the Hungarian Twin Registry (HTR) are 
identical twins. The investigators include identical twins, Drs. Ádám Tárnoki and 
Dávid Tárnoki, the founding members of the HTR, as well as Dr. Júlia Métneki, one 
of the pioneers of Hungarian twin research. Some twin researchers are fraternal, such 
as Dr. Nancy L. Segal who has a fraternal twin sister. These individuals highlight the 
importance of twin research as twins, based on their personal perspectives.

7.2 Adam & David Tarnoki (MZ twins or Identical Twins)
The motivation to become a twin researcher arose during our academic years, when 
we gave a lecture on the diseases of twins and the heritability calculation using twin 
research design. This event took place in Sarasota, FL, USA, in 2007. The lecture caught 
the attention of Istvan Luczek M.D., a gynecologist of Hungarian descent practicing in 
Ohio, who recommended that we visit the Twins Days Festival in Ohio, in 2008, where 
we conducted our first questionnaire-based data collection. The rest is history.

When our mother learned that she would deliver twins, she was very surprised. 
This happened during her academic years when she was studying medicine. Adam 
was in a vertex position (head down), and David was in a breech position (feet down). 
Luckily, since our mother studied gynecology at that time, she was aware that her 
obstetrician preferred to deliver babies naturally. However, she was adamant that 
she have a Cesarean section as per textbook indications, which considered natural 
delivery as a contraindication in such cases due to its risk. Accordingly, Adam and 
David were born three minutes apart with a C-section, Adam was the firstborn twin 
(Fig. 7.1).
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We studied in the same class except for one semester, when the teachers tried to 
separate us. One semester later we were back in the same group, and our efficiency 
showed no difference due to being apart. According to psychologists, it is worth con-
sidering having twins in separate classes if they have very different abilities. Thus, 
the negative effects of constant comparison are less pronounced, and they are less 
likely to fail. However, our abilities were closely matched, and we enjoyed being 
together (Fig. 7.2).

It was not easy to prepare for our application to universities. We applied to the 
same specialties, and, after successful written and oral exams—with similar points—
we were both admitted to medical university. During the first years, we wanted to 
start student scientific work. Due to our twinship, we chose the following topic: 
“Twins’ diseases.” We began looking for a mentor who was a twin researcher from 
Hungary, and thanks to the Internet, we found Dr. Júlia Métneki, who was a twin 

FIG. 7.1 Adam (L) and David (R) Tarnoki, at about age one year.
Courtesy: Drs. Adam and David Tarnoki.
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FIG. 7.2 Adam (L) and David (R) Tarnoki in kindergarten.
Courtesy: Drs. Adam and David Tarnoki.

herself. Our first twin study was on the heritability of how weather changes affect 
Hungarian twins. Later, we gave our first scientific presentation in the United States. 
As previously mentioned, Dr. Luczek, a famous gynecologist from Ohio, attended 
the presentation, and subsequently invited us to the Twins Festival, which was very 
close to his home in Solon, OH. A few years later, we returned to Twinsburg with 
some Hungarian researchers, to conduct a comprehensive cardiovascular twin study 
on atherosclerosis. Since 2007, we have been working with Dr. Métneki. We suppose 
that, as twins, daily work as twin researchers is much more meaningful for them than 
itis for non-twins.1

We discussed everything with each other, and we spent the daytime mostly with 
each other, except when we had to work separately. Adam (the firstborn twin) was 
the “leader,” while David, the second born twin, has always had more practical skills. 
Therefore, we can work very well together because we complement each other dur-
ing the whole day (Fig. 7.3).

Twins have a constant companion from the very beginning, and they develop 
close relationships with each other. After marriage, the relationship between us natu-
rally became a little less involved, as more attention was paid to the spouse at the 
expense of the twin brother. Finding a partner was not easy for us as we had spent 
a lot of time together during our childhood as well as our university years. Due to 
our similar taste, our choice fell on two ladies of the same occupation, who had 
graduated from the same law school but did not know each other. However, it tells 
a lot about the kind of relationship, including our taste in partners. We both met our 
wives online a few months apart because they look different, there was no problem 
distinguishing between them. The extant research presents a mixed picture regarding 
whether or not identical twins choose similar mates.2,3 When Adam’s little daughter 
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was born, she often had trouble figuring out who her father was when we stood next 
to each other—this is a situation that many young twins confront. However, by the 
age of several months, she could differentiate between us.

As university teachers, we have worked with several twin medical students who 
were also interested in twin research. One of them became a pediatrician and another 
is a PhD student. A Japanese twin pair, who studied medicine in the English faculty 
of Semmelweis University in Hungary, wrote their theses on twin research under 
our supervision. They returned to Japan after graduation and are in contact with the 
Osaka Twin Registry (Fig. 4).

FIG. 7.3 Adam (L) and David (R) Tarnoki, at about age three years.
Courtesy: Drs. Adam and David Tarnoki.

FIG. 7.4 Adam (L) and David (R) Tarnoki at Semmelweis University, Budapest.
Courtesy: Drs. Adam and David Tarnoki.
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In Hungary, experience shows that it is much easier for twins to recruit twins for 
research, as it seems more credible for them to be invited to a twin study by twins. 
This way, it is easier to inform potential participants about how we the researchers 
saw the research, for example, what kind of examinations/tasks need to be done, how 
long they will take, and what the purpose/outcome of the study is.

As part of a cardiovascular twin study performed in 2009, we wanted to involve 
a dizygotic female twin pair; however, only the older sister’s phone number was 
available. She was willing to come for the research but only alone. Surprisingly to 
us, she did not know her sister’s phone number. The reason why she wanted to come 
alone was that she and her twin sister had quarreled before and had not talked to each 
other for many years. Shortly afterward, her sister’s phone number was found and 
she asked to arrange for her sister to come on a separate day as she did not wish to 
meet her. Her sister also wanted to participate, but on a separate day. Several years 
later, fortunately, they reconciled thanks to the research and they participated in sub-
sequent studies together.

The great advantage of being twins during research is that they can share tasks 
with each other. During the research, the brother or sister can always assist and help, 
thus the examination time can be reduced. We find that this is always true for us.

7.3 Julia Metneki (MZ twin)
I am working on twin research as a biologist, but I am also a twin myself. In 
elementary school, I took part in a twin study with my sister Esther, having been the 
subject of extremely exciting twin studies. This event made a great impact on me.

I was born after World War II, in 1946—it was only while giving birth, after I was 
born, that my mother found out that she had been pregnant with twins. My parents 
were flabbergasted, not knowing whether to be happy or worried about the double 
‘child-blessing.’ We were born underweight at just 1700 g each. The incubator was 
replaced by hot water bottles in our cradle, and in the absence of infusion, we re-
ceived mother’s milk with an eyedropper every half hour, which we sometimes threw 
up. It was not until the age of 3 months when we reached the average birth weight 
of healthy babies. Our parents planned to name Esther for their future baby girl, but 
since I had a less favorable life expectancy as a firstborn, my second-born sister got 
the previously planned name (Fig. 5).

I have some visual memories from my childhood, and in those, I never see my-
self alone, but always with my sister. Usually, we referred to ourselves as “us,” even 
when the other was not present. (The same thing happened with Adam and David.) 
As identical twins, we were extremely similar to each other, so much so, that even 
our father, relatives, and the family’s best friends confused us quite often. The feeling 
of discomfort caused by the similarity was obviously increased by the fact that our 
parents dressed us in exactly the same way.

As the only pair of twins at our school, we undeniably aroused interest from 
our peers. In class, we often sat in the double desk, side by side, and had the same 
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friends. We were anxious girls, but the constant presence of the other twin gave us 
a tremendous sense of security and reassurance. Therefore, if one of us was ill, the 
other one often simulated illness, so neither of us would have to go to school alone. 
Sometimes we changed roles, and when called to answer, we responded instead of 
the other, which initially seemed like fun, but it did not really make much sense, 
because whatever I knew, so did Esther, and vice versa.

FIG. 7.5 Julia Métneki (L) and her twin sister (R), Esther at age 4 years (1950) and 67 years 
later (2017).

Courtesy: Julia Métneki.
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While we were young, we did not recognize this high degree of similarity, but 
now we often cannot identify who is who in childhood photos. We were confused on 
several occasions and in certain situations. For example, as adults, at the first twin 
ball organized in Budapest, in 1983. Esther went to the restroom and saw me come 
face to face with her. Esther was just about to tell me something, when she hit the 
wall mirror. It was shocking for her not to recognize her own reflection.

What was so typical of our childhood was that we internalized each other’s expe-
riences as our own, as if those things had happened to us, as well. For example, when 
Esther was called to answer at school, I was almost more excited about her success 
than she was. If she got a bad grade, it hurt me even more, and when Esther cried, my 
eyes filled with tears, too. Our hope for each other’s success was mutual.

Another family legend demonstrates the commitment of my sister. At the age 
of 10, Esther had warts on her hands that were to be burned off by a dermatologist. 
During the treatment, while she was quietly enduring the pain like a real hero, I 
was screaming outside the door, feeling Esther’s pain. (Later, interviews with twins 
confirmed my earlier guess that empathy is much stronger for twins than for siblings 
and for singletons.) Not all researchers, such as Dr. Nancy Segal, find persuasive 
evidence that twins feel each other’s physical pain at the same time without know-
ing that the brother of sister is in real pain. Of course, I knew that Esther was going 
through a difficult procedure which may explain my response.

We were used to the same things happening to us, whether we were good or bad. 
When I was unexpectedly operated on with appendicitis at the age of 14 years, Esther 
hardly found her place during my one-week absence. She felt it was “unfair” to miss 
out on something.

Beyond the similarities in our looks, our thoughts and interests were also the 
same. We both played the piano (there were several four-handed pieces in our reper-
toire), we liked the same dishes, and we were passionate about the same poems, ac-
tors, and music. Our father was a medical doctor who orientated our interest toward 
healthcare and medicine. In our most common childhood games, we played at being 
doctors, examining toy dolls, injecting them, and operating on them. Later in life, we 
both ended up working with diseases, just in different professional areas.

Esther and I understood each other almost without words. From each other’s eyes 
and movements, we discerned what the other one wanted or needed. Of course, we 
sometimes quarreled and even hit each other, but after our mother separated us. Then, 
we started looking for each other’s company within minutes. As I remember vividly, 
we laughed a lot and were often suffocating with laughter. Today, we spend time 
together much less frequently, but we cannot giggle with anyone as much as we used 
to with each other, and we sometimes relive this carefree part of our childhood.

Typically for most firstborns, I was the dominant twin, the one who initiated our 
games and activities, that is, the ‘spokesperson’. The more peaceful and accepting 
Esther did not resent me in any way since it was convenient for her to have me handle 
everything, as if I were her secretary.

This close relationship was natural for us until our final exams and high school 
graduation, and we had a wonderful time in this symbiotic relationship. We mostly 
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enjoyed the benefits of twinning and noticed its drawbacks less that may result from 
constant comparisons. Despite our idyllic relationship, our parents clearly saw the 
disadvantages of this twin situation. They advised us to continue our studies at dif-
ferent schools, a decision that came to us unexpectedly. We simply could not imagine 
our lives without each other’s constant presence. Sadly, we finally resigned to the 
situation. My more practical sister applied to the Faculty of Dentistry at the Medical 
University, and I started my studies at the Faculty of Biology at the University of 
Sciences. At that time, I was already thinking that this training in biology could give 
me a good foundation for realizing my dream: to carry out twin research in the future.

In time, I finally agreed with my parents’ decision. It was the right time to start 
our independent lives. But then, at the age of 18, I felt as if I was one half of a hu-
man being cut in two. I felt the lack of my sister physically, too. She was not walking 
alongside with me on the street, and she was not there to confirm my decisions. Half 
a century has passed since then, but in a sense, I feel her absence even today.

After completing our university studies, Esther began practicing as a dentist in 
a small rural town, 120 km away from Budapest. Her decision scared me—I did 
not understand why my twin sister wanted to leave our common home to move to a 
strange city where she did not know anyone. “How will she do it alone?” I asked. I 
was also thinking that all of this may have happened due to my dominant nature. In 
the end, it was proven that our separation became beneficial in all respects.

It was only in the 1990s that—by studying the twin literature—that I could finally 
understand what must have been behind Esther’s decision. Regine Billot, the French 
author of Les Jumeaux (1991), wrote about the difficulty of separating twins.4 She 
supposed it was logical that the suppressed twin wanted to become independent, and 
therefore exited from the close twin relationship to avoid situations that were often 
disadvantageous. Paradoxically, twins would be looking for a partner earlier, would 
get married sooner than their twin sibling, perhaps because stronger emotions were at 
work to gain their freedom. I believe this refers mostly to identical twins.

Returning to my career choice, my childhood dream was finally fulfilled, and 
over the past nearly half-century, I have done a number of national and international 
twin studies with my mentor, Professor Andrew Czeizel. Initially, my research work 
was mostly theoretical, so, in fact, I rarely had any personal contact with twins—this 
gave rise to a strong feeling that something was missing. Change did not occur until 
the early 1980s when 100 twin pairs were involved in an international adult twin 
study concerning the heritability of lactose intolerance.5 On the day of the examina-
tion, the twins showed an amazing amount of enthusiasm—in fact, the atmosphere 
resembled that of a folk celebration. Following up on the initiative of the partici-
pants, we created a “twin club,” and the atmosphere of the monthly gatherings was 
intimate and family friendly from the start. The most successful and attractive events 
were the “twin festivals” and the “twin balls,” where the stars of the party were, of 
course, twins. These successful events further increased interest in twin research 
(Figs. 6 and 7).

In 1989, at the Twin Congress in Rome, I met Dr. Elizabeth M. Bryan, a British 
pediatrician, and I purchased her book Twins in the Family.6 While reading this book, 
I realized how important it would be to write a similar handbook in Hungarian that 
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FIG. 7.6 A group of identical twins at the foundation of the Budapest Twin Club. Budapest, (1982).
(Photo credit; Imre Benkő).

FIG. 7.7 Leaders of the Hungarian Twin Club (Ildikó Busi and Teresa) with the Presidents of 
the American Twins Association (Judy Stillwagon and Julie Kirk, and Lew and Lee Vaughn), 
at the Twin Ball held in Budapest, in 1983) 

(Photo credit; Imre Benkő).
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would provide theoretical and practical knowledge from conception to adulthood 
for parents expecting and raising twins. After a long “labor,” my Book of Twins was 
published in 1997, and the revised version was released with up-to-date information 
in 2005.7

In 2006, I published another book about conjoined twins, in cooperation with 
a physician. In the book, nearly 200 such Hungarian cases detected from the 14th 
century until the early 2000s are described and evaluated. This work is an overview 
of the ethical, legal and religious aspects of conjoined twins, documented with inter-
esting illustrations.8

Finally, one more thought about the twin situation. Most psychologists agree that 
the twins must eventually separate. However, since I met the radiologist twins, Ádám 
and Dávid Tárnoki, I am not sure of this advice, because they have been extremely 
successful in their field of expertise and in twin studies, following a common path, 
helping and complementing each other. “One and one is not always two, sometimes 
the double”—as their example shows.

7.4 Nancy L. Segal (DZ twin)
7.4.1 Personal background
I am passionate about twin research. Twin studies offer many elegant ways for 
examining the interplay between genetic and environmental influences as they affect 
human development. I am also intrigued by twinning as a phenomenon—what it is 
like to be an identical or a fraternal twin, how we can best raise and educate twins, 
and why there is universal interest in twins.

My fraternal twin sister, Anne, and I were born in Boston, Massachusetts, 
the only children in the family. My mother was shocked to discover that she was 
carrying twins when she went for her five-month pregnancy checkup. Part of her 
surprise came from the fact that there are no twins on the maternal side of our 
family. However, one of my father’s uncles had been born a twin, although his 
twin brother died shortly after birth. Of course, the twin type of his singleton twin 
uncle is unknown, because zygosity testing was not routinely perfomed (and still 
is not done unless twins are enrolled in research) and DNA analysis had not been 
developed, given that. In addition, my father had first cousins who were identi-
cal female twins; they were considered to be identical based on their matching 
physcial appearance. Even today, the transmission of twinning in families has not 
been fully worked out by geneticists. We do know that fraternal twinning seems 
to run in families, and that identical twinning seems to run in some families.9 
Fraternal twinning has also been positively associated with factors such as older 
maternal age, heavier maternal weight, taller maternal height, African ancestry, 
and increased coital frequency.10

My family lived in Boston for a very short time before moving to Philadelphia 
when I was less than one year old. At age four, my sister and I were assigned to dif-
ferent kindergarten classes at the local elementary school—Anne adjusted easily, 
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while I was traumatized and missed her terribly. Today, at least in the United States, 
most educators believe that young twins should be placed apart in school or they will 
not develop separate identities. However, research does not support this claim and 
many studies indicate that young twins perform better together.11 Given the forego-
ing and my own experience as a young twin, I believe that each pairs’ school place-
ment should be considered on a case-by-case-basis, and that parents deserve to con-
tribute to this decision. A year later, when I was five, my family moved to New York 
City and remained there for the rest of my growing up years. My sister and I were 
placed together in kindergarten, first grade and second grade. We were then placed 
in separate classes from the third grade on and attended different schools from the 
seventh through twelfth grades, but we were ready to be apart (Fig. 8).

An assignment in a senior-level psychology class at Boston University drew my 
attention to twin studies. The professor asked for an essay on personal adjustment 
and I immediately thought about my experiences at school as a twin. The studies I 
read for this assignment were informative, insightful and enjoyable like no other 

FIG. 7.8 Dr. Nancy L. Segal (R) and twin sister with their mother, at about age four years.
Photo Credit: Alfred M. Segal, Courtesy, Dr. Nancy L. Segal.
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topic I had previously investigated. I knew that twin research would be the focus of 
my future academic career.

Upon graduating from Boston University, I completed a master’s degree in Social 
Sciences at the University of Chicago, in 1974. My thesis was an overview of meth-
ods and findings in twin research. I went on to obtain my doctoral degree at the Uni-
versity of Chicago, in 1982, with a dissertation on cooperation and competition be-
tween young twins. Some summers and semesters during my graduate school years 
were devoted to twin studies. I spent the summer of 1974 at the National Institutes 
of Health, in Bethesda, Maryland, working on follow-up data from an earlier study 
of the identical Genain quadruplets—all four sisters suffered from schizophrenia.12 I 
was a visiting student at Indiana University in Bloomington, Indiana in the spring of 
1975, working on twin studies with Drs. Richard J. Rose and Walter E. Nance. In the 
summer of 1975, I attended a National Institute of Mental Health-sponsored program 
at the University of Colorado’s Institute for Behavioral Genetics.

7.4.2 Professional history
After graduating from the University of Chicago I became a post-doctoral fellow and 
research associate at the University of Minnesota (1982–1991). During this time, 
I worked on the Minnesota Study of Twins Reared Apart (MISTRA), directed by 
Professor Thomas J. Bouchard, Jr. In 1985, I was appointed Assistant Director of the 
Minnesota Center for Twin and Adoption Research. Those 9 years were a highpoint 
of my career because I was so fortunate to meet the separated twins—I learned their 
personal stories at the same time that I helped gather their behavioral and physical 
data. In 1991, I joined the psychology department at California State University, 
Fullerton. One of my first tasks was establishing the Twin Studies Center to support 
student and faculty research with twins. Over the years, several individuals have 
donated books, journals, photographs and funds, making this center, especially its 
library, a unique resource.

My current twin studies address tacit coordination, social closeness, twin loss, 
personality and appearance, genetic and environmental influences on ability, per-
sonality, adjustment, and sexual orientation and identity. I study MZ and DZ twins, 
young Chinese twins reared apart, virtual twins (same-age unrelated children reared-
together), twin-families, twins switched at birth, and unrelated look-alikes.

7.4.3 Professional activities
I have written seven books on twins13 and have co-edited a conference volume.14 My 
book, Born Together-Reared Apart: The Landmark Minnesota Twin Study (2012), 
describes the origins, methods, findings, and implications of the Minnesota Study of 
Twins Reared Apart. My seventh book about twins is titled, Deliberately Divided: 
Inside the Controversial Study of Twins and Triplets Adopted Apart.15 This book is a 
detailed investigation of the 1960s and 1970s study conducted in New York City, in 
which twins and triplets were purposefully placed apart and studied until they turned 
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twelve. The twins’ adoptive parents were never told that they were raising a singleton 
twin child. This study was featured in two documentary films, The Twinning Reaction 
(2017) and Three Identical Strangers (2018).16

I strongly believe that twin researchers have a responsibility to maintain close ties 
with the public, and not publish their findings solely in the scientific literature. It is 
for this reason that I write a regular column for the journal Twin Research and Hu-
man Genetics. Each of my contributions surveys an area of interest to twin studies, 
summarizes findings from several timely twin studies and reports a number of human 
interest stories about twins, of which there are many. These articles are sometimes 
adapted for publication in my Psychology Today magazine blog, Twofold. I have 
authored or co-authored three articles for the New York Times’s Gray Matter column, 
two of them on twins. One of them concerned the social ties between twins and the 
other concerned the breastfeeding of twins in male-female pairs.17

One of the greatest pleasures of being in twin research is watching separated 
twins meet for the first time. Most memorable is my witnessing of reunions between 
two 6-year-old identical twin girls and two 78-year-old fraternal twin women. One 
of the young twins had been adopted by a family in the lively capital city of Sacra-
mento, California, while her twin sister had been adopted by a family from the tiny 
village of Fresvik, Norway. Their adoptive parents met in China when they went to 
pick up their daughters. The mothers immediately recognized the physical resem-
blance between their babies and stayed in touch. They decided to have the girls’ 
DNA tested and compared, and the results revealed that they were identical twins. 
One of the mothers contacted me and I arranged for the BBC to have the twins meet 
and to film their meeting. It was heartwarming to watch the twins jump up and down 
at the first sight of each other. Despite speaking different languages, the two girls got 
along beautifully with one another.

The older pair, which I wrote about in one of the Gray Matter columns, also lived 
in different countries—England and the United States. I was able to obtain funds to 
fly both twins to California where they met each other in a hotel room near my cam-
pus. It was lovely to see them recognize some common features, even though they 
looked fairly different. Unfortunately, one of the twins passed away approximately 
eight months after they had met.

A recent twin project of great fascination for me involved two sets of identical 
male twins, from Colombia, South America. It happened that one twin in each pair 
had been inadvertently exchanged with a twin in the other pair when the babies were 
less than one week old. Each pair of boys grew up thinking that they were fraternal 
twins when, in fact, they each had an identical twin brother they did not know about. 
The truth was revealed when the twins living in the country moved to the city and 
one of the twins was mistaken for his identical brother. They were twenty-five years 
of age at the time—the revelation was shocking and disturbing at first, but all four 
brothers and their families have come to terms with it. The twins now regard them-
selves as a group of four—one family. I traveled to Bogotá twice to test and interview 
the four young men. I wrote about my research and the story of their lives in my 2018 
book, Accidental Brothers.18
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7.4.4 Closing statement
Twin research has undergone significant change in that many researchers are turning 
their attention to the molecular bases of behavior. A question of great interest is 
why one identical twin may become affected with a disease and the other will not. 
Another question concerns how such information can be used to help the general 
public. However, twin research remains as vibrant today as it was in 1875 when 
Sir Francis Galton first recognized the power of twin research to tell us how we come 
to be the people that we are.17

I am very happy to be a twin for a number of reasons. At an early age, twinship 
gave me appreciation for genetic influences on development. Being a twin has also 
helped me invite twins as participants in research, as we come to the task knowing 
that we share something very important. Finally, twinship has given me my sister 
Anne, whose friendship and support I treasure above all others. This accident of birth 
has made me aware of what I have enjoyed and what has been lost by twins who did 
not grow up together.
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8.1 Parenting twins, triplets, or more
Throughout this chapter, I will be referring to twins, but all comments relate equally 
to all multiple birth families.

Parenting twins is a unique experience, right from the time that the twin preg-
nancy is diagnosed and it brings challenges but also rewards. The first thing that 
parents are often told is that a multiple pregnancy is a high risk pregnancy. Many 
other thoughts will whirl through the minds of the parents-to-be, but overwhelmingly 
they will wonder how they will cope with more than one baby at once—emotionally 
and financially as well as practically. Parenting can be a daunting prospect, expectant 
parents are told that it is challenging to raise a baby so how much harder will it be 
to raise two, or even more? There may also be impacts on family dynamics if there 
are already other siblings and/or the mother has no partner available for support. 
Preparation and connections to the multiple birth community are the key to surviv-
ing parenting of twins—from pregnancy right through the school years and beyond.

8.2 Pregnancy
I won’t comment on the medical issues of a twin pregnancy as they are covered 
in another chapter, I will address it from the parent’s perspective and look at the 
various issues compared to a single pregnancy. Once a pregnancy is diagnosed as a 
multiple birth, there will be additional medical appointments and this often requires 
taking leave from work, there are often additional medical expenses due to the extra 
ultrasounds and tests that are required with a twin pregnancy, compared to a single 
pregnancy. Then there is the stress and worry that comes with being pregnant with 
twins. It is a high-risk pregnancy and the mother needs to take extra care during this 
pregnancy—so the twin parenting starts here. The risks and parental concerns may 
also be impacted by the type of twins being carried and if there are other risk factors 
(e.g., maternal age, health status, etc.).

How is a twin pregnancy different to a single pregnancy?
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If the mother is working, it is almost certain that she will need to commence 
family leaves earlier and therefore the family income will decrease earlier than 
planned. Each country has its own family leave provisions, and some are more gener-
ous than others when it comes to multiple births—parents are advised to check their 
eligibility to understand their rights.

The additional medical appointments and tests, compared with single pregnancy, 
adds to the increased costs of having twins. The mother can expect to gain more 
weight when carrying twins compared to a single baby and of course, her stomach 
will be much larger! This has impacts in many areas—the ability to fit behind the 
steering wheel to drive a car, to be comfortable to sleep, and sometimes toward the 
end, even finding comfortable places to sit and rest. The mother needs to listen to her 
body and her doctors, and do what works for her and is appropriate for her babies.

During the pregnancy, parents will be physically preparing for the arrival of the 
babies. There are many items to organize—cots, prams, clothing to name a few. The 
list can be quite daunting and very expensive. It is not necessary to purchase new 
items for the babies; they will be just as contented in preloved furniture. Family and 
friends will make offers to donate or lend their baby items, so it can be a good op-
portunity to save some money. When purchasing clothing items remember that twins 
do not require twice as many items and triplets do not require three times as many. 
In addition, many people will want to welcome the new additions to the family with 
gifts. Parents may find that they have far more outfits than the babies will ever wear! 
Being pregnant with twins, triplets or more is a time when the parents begin to enjoy 
the well wishes that come with being parents of multiples—you are special!!

8.3 Birth
The pregnancy of multiples will be shorter than that of a single baby. The delivery 
of twins has a much higher chance of requiring intervention than the birth of a single 
baby. When delivering triplets or more, most specialists will want the mother to have 
a caesarean section rather than natural delivery. Parents should be prepared for all 
eventualities and try to “go with the flow.” The doctors will recommend procedures 
that are in the best interest of both mothers and babies. The newborns are likely to be 
low birthweight and may be born prematurely. Some babies need to spend time in a 
special care nursery and a smaller number require more intervention and spend time 
in a neonatal intensive care unit. This can be a very scary place for a new parent and it 
is quite confronting to see your newborn hooked up to numerous machines and tubes. 
Staff in intensive care units and special care units will explain what is happening to 
the babies and how the parents can be involved in their care.

The early days are about recovering from the birth and learning how to feed 
and care for two or more tiny babies. Most mothers will want to breastfeed their 
babies and if this proves difficult, it can be a very stressful time. If the mother can be 
prepared by attending classes or reading about how to feed multiples, it will assist 
greatly at this time. In most countries, there are reputable groups such as La Leche 
League and breastfeeding associations that offer great support.
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8.4 Early months
Coming home with two or more babies can be very daunting, particularly if one or 
more has health issues, or the mother has no support partner. The first weeks will 
be very tiring, and it will feel like it is 24 hours of feeding and nappy changing, day 
after day. However, things do improve as the babies grow, and especially when they 
begin to interact with their surroundings. There is nothing so precious as the smile 
of a young baby—just imagine receiving that smile two or three times over!! It is 
worth considering asking for assistance in the few weeks—grandparents and other 
relatives and friends often love to be asked to help. If there is no family nearby and it 
is affordable, then paying for some housekeeping can be a great idea.

It is not uncommon for the mother to be discharged from the hospital before the 
babies, particularly if they were born prematurely. They may need time for their lungs 
to develop, to learn how to feed, or just to grow and gain weight. Whatever the reason, 
it is difficult for the mother to go home without her babies. The hospitals are support-
ive of the parents and will allow generous visiting rights and also assist the mother 
with establishing feeding. The parents need to keep remembering that it is only for 
short while, that they will soon have their babies with them. If the babies are very ill, 
it may feel like a rollercoaster ride for the first few weeks with improvements and then 
setbacks in the babies’ health. The parents can use this time to get to know each of 
their babies individually, as well as spend some time together as a couple before the 
babies come home.

With two or more babies in the home, life is very busy, but the parents need to 
self-care as well as caring for their infants. The incidence of postnatal depression is 
much higher in parents of multiples than it is in parents of single babies. It is im-
portant that parents are aware of this, and that health professionals working with the 
family are also aware so that early intervention can be offered if necessary.

Some mothers find breastfeeding two or more babies quite a challenge. It is advis-
able to seek the advice of a breastfeeding consultant who is experienced in feeding 
multiples. Talking to other mothers in the local multiple birth group can be beneficial, 
they have “been there, done that” so can offer advice built on their experiences. If 
the parents choose to formula feed their babies—they need to feel supported in their 
decision. It is not an easy decision and there are many instances when mothers are 
told they are not giving their babies a good start in life if they do not breastfeed. 
Mothering multiples are a challenge and sometimes breastfeeding is just too difficult 
for the mother. Once she has exhausted all reasonable attempts to breastfeed, her 
decision to use a formula needs to be respected by all who are working with her and 
the family. It is not helpful for her to hear that she is not a good mother because she 
is using formula.

Sleep can be a challenge for the new parents in the early months. It may seem 
like they are living on minutes of sleep each day, instead of hours of sleep. It can 
be helpful to have the babies in a routine as much as possible. Some parents find it 
better to allow each baby to independently wake and feed overnight; other parents 
prefer to wake the second twin when the first wakes. There is not right or wrong 
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decision—parents need to do whatever works for them. In many countries, residen-
tial sleep schools provide classes for the parents, to assist them in understanding the 
needs and wants of their babies, learn how to settle them and to establish routines.

8.5 Toddler
The toddler years are fun times! During this time in a person’s life, their personality 
really becomes obvious. As a parent, it is great to see how your child is developing. It 
is amazing to see that in stereo. Of course, the toddler years can be challenging too. 
As the saying goes “double the trouble, twice as nice.” And this sums up the toddler 
years. Two little ones can be very cute but the combined efforts of two when they 
are intent on destruction—it can seem like world war three is about to commence. 
Parenting can be very intense during these years, while the little ones learn to 
negotiate their way in the world, and take the first steps toward independence—
feeding, toileting, and dressing are all times that can be challenging with a toddler. 
When you have twins, multiply that by two. The best advice is to take it one step at 
a time, sometimes one day at a time. Decide what is best for your family and work 
with that. There is not one solution that fits all families. Each solution is different, 
just as each family is different. Some parents have returned to the paid workforce by 
the time their babies have reached this stage, so they are juggling work, childcare, 
and home life. It is a balance and mistakes will inevitably occur. By learning from 
our mistakes, we learn and grow as parents.

8.6 School years
Twins are just like all other children—for some the school years are a breeze and for 
others it is a challenge that they cannot wait to get through. Of course, with twins 
there is the fact that they will always have someone there with them—sometimes this 
is good and sometimes not so good. How the children cope with this is often related 
to how well the parents cope. The parents need to remember that their concerns are 
often picked up by the children. The first question most parents of multiples ask 
when thinking of school is “should I separate them at school?” There is no definitive 
answer for this. As usual, what works for one family won’t necessarily work for 
another. The best advice is to read what experts say, talk to parents in a similar 
situation and talk with the school—both teachers and principal if possible. For some 
children, it is important that they be in the same class, but for others, it is best to be in 
separate classes, sometimes even different schools. Look at what suits each child best 
and try to make it work for each individual child. And remember, that nothing is set 
in stone, these decisions can be changed each year. The question of separation should 
be considered each year to ensure that what is occurring is best for the children.

Another common concern of parents regarding the education of their children is 
what to do if one is performing at a much higher academic level than the other(s). 
This can be tricky to navigate with the children. It is often the case that they are 
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growing and developing at different rates, and that they will have different strengths 
and weaknesses. So, while one might outperform the cotwin this year, it might be 
reversed next year. Or perhaps one twin excels at sport and the other excels academi-
cally. Just because they are twins, even identical twins, one should not expect them to 
grow and develop at the same rate, be strong or weak at the same tasks, or even have 
the same interests. They are individuals and everyone needs to treat them as separate 
individual people.

Further information on the schooling of multiples can be found at www.icombo.org.

8.7 Adolescence
For some teenagers, adolescence is not easy—handling puberty, learning to be 
independent, making educational and career decisions, establishing one’s own 
identity. Twins and multiples face the same issues, but there are a number of other 
issues that are unique to multiples. One multiple may begin puberty before their 
comultiple(s), one multiple may want to begin (or have the opportunity to begin) 
dating before the comultiple(s), and the multiples have to learn to be independent of 
their comultiple. Many of the challenges of adolescence are present in all teenagers, 
but the situation is more complex with twins and multiples. During this time, they 
are learning who they are as a person, as well as separating themselves from the 
twinship. They will compare themselves against their comultiples and wonder why 
they are at different stages. Parenting can be very intense at these times. It is not the 
same as having two or three teenagers of different ages—it is easy to explain why 
they are at different stages if they are at different ages. It is the fact that there are 
two or more teenagers of the same age, who may also look exactly the same, but are 
experiencing life differently.

Parents have a special role to play in these adolescent years—guiding their 
children through this time and watching independent adults come out the other 
end. Support and encouragement to pursue their individual passions will make this 
road easier for multiples. It can be difficult to explain to a 12 years old why her 
sister has developed breasts and experimenting with makeup, for example, while 
she is still enjoying being a child. Each person, even identical twins, will com-
mence puberty in their own time, and often at different times. The second twin is 
not slower, less mature, developmentally behind, or any other label. It is just part 
of being human.

“Can I choose the same college or university as my cotwin, what about choosing 
the same career?” Multiples need to understand that by expressing their own passions 
and interests, they are being truly independent, even if that passion and interest is the 
same as their comultiple. It is OK for both of the twins to choose the same career path, 
if that is what each of them truly wants. Parents need to understand that at this time 
in their children’s lives, they may seem to become distant from each other as they 
work to form their own individual personalities and lives. It is important to support 
the children and allow them to develop freely, without pressure to “be like your twin.”

https://www.icombo.org
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The Finnish Multiple Birth Association has an excellent publication—Multiple 
Birth Siblings as Adolescents: A guide for parents of twins and higher order mul-
tiples. The publication is available in Finnish and in English, from the International 
Council of Multiple Birth Organisations, www.icombo.org. I highly recommend it to 
parents of multiples, as it provides valuable insights to the growth and development 
of multiples from the teenage years right into adulthood.

8.8 Special situations
Sadly, some parents do not have the joy of seeing both their twins live long and healthy 
lives. Losing a child to death must be one of the hardest things that a parent can face. 
Losing one of a set of multiples must be incredibly difficult. Not only is the parent 
grieving the loss of a child, but they have a constant reminder of what could have been 
every time they look at the surviving twin. On all those special moments—birthdays, 
Christmas, and family celebrations—how do you celebrate with one child knowing 
that the cotwin is no longer with you? There are a number of support groups for 
parents who have experienced the death of one or more of their multiple birth children. 
These groups tend to be administered by parents who have experienced this too. They 
are able to offer support and comfort from a place of understanding what life is like 
for these families. The best way to find these groups is to do an internet search, most 
groups are online and able to offer online support no matter where the family lives.

Sometimes one of the twins will have some additional needs or health issues, that are 
not shared with the cotwin. For example, one twin may have cerebral palsy due to birth 
complications, may have a condition such as Down’s Syndrome, or one twin may de-
velop significant health problems. In these situations, it can be extremely isolating for the 
parents. They are parents of twins, but they may not feel that they fit in the local multiple 
birth group as their twins are “different.” The support groups that assist with the issues 
may not understand what it is like to have one “healthy” twin and one twin with the con-
dition. It is important that the parents seek treatment and assistance for the twin who suf-
fers the condition, while at the same time, not ignoring the “healthy” twin. They also need 
time, love, and attention. The best advice is to reach out to the multiple birth community, 
because there will be other families facing the same situation, who can offer support.

8.9 Adult twins
Parenting is a life-long journey, so it doesn’t end when the twins turn 21 years of age. 
There will always some unique opportunities and challenges for multiples for the 
whole of their lives. The role of parents is to support their children as best they can, 
through the journey of life. Some of the unique challenges for adult multiples may be:

•	 One	twin	is	has	a	much	more	successful	career,	earning	a	much	higher	salary	
than the cotwin.

•	 One	twin	is	in	a	very	happy	and	stable	relationship	while	the	cotwin	is	strug-
gling to find a partner.

https://www.icombo.org
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•	 The	twin’s	partner	doesn’t	get	along	with	the	cotwin’s	partner;	or	worse,	
doesn’t like the cotwin.

•	 The	death	of	the	cotwin.

All of these situations may occur with siblings, but the challenges are much great-
er when it is the cotwin and not a sibling. All through their lives, siblings have been 
able to do things independently, they are not expected to achieve the same things at 
the same time, whereas twins are generally expected to be the same, act the same, 
and have the same achievements at the same time.

Many twins have a very close bond to each other. The introduction of a partner 
into the relationship can create problems. It is only natural that there will be jealousy 
when a third person is introduced into the twin relationship. For some twins, the 
cotwin will always be “number one” and if the partner is unable to accept this, then 
the relationship is doomed. Some partners work hard to destroy the twin relationship, 
and this can lead to major disharmony in the family. Communication between the 
twins at this time is key to developing healthy relationships within the family.

Having strong, healthy relationships with family and friends will help the twins 
to navigate through the more difficult times.
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9.1 Introduction
Twins reared apart from birth are an informative variant of the classic twin method. 
The classic twin method compares physical and behavioral trait resemblance between 
pairs of monozygotic (MZ or identical) twins and dizygotic (DZ or fraternal) twins. 
MZ twins share all their genes having resulted from the division of a single fertilized 
egg, or zygote, within the first two weeks after conception. DZ twins share half their 
genes, on average by descent, having resulted from the fertilization of two separate 
ova by two separate spermatozoa. Greater MZ than DZ twin resemblance is consistent 
with, although not proof of, genetic influence on the traits under study.1 Complete 
proof is not provided because it is always possible that MZ twins’ environments 
match more closely than those of DZ twins, enhancing their similarity. This concept, 
known as the equal environments assumption (EEA), must be met if findings from a 
twin study can be considered valid and representative. The vast majority of research 
on the EEA finds little evidence that this assumption has been violated.2

A way of circumventing the issue of matched environments is by studying MZ 
and DZ twins reared apart from birth (MZA and DZA pairs, respectively). Resem-
blance between MZA twins is explained by genetic factors, given that they did not 
grow up together. Reared-apart twin pairs are relatively rare, but the availability of 
online social platforms, personal genomic services, and various specialized registries 
have facilitated reunions between twins, even those who had no knowledge of their 
twinship.

The purpose of this chapter is fourfold. It begins with a historical overview of 
reared-apart twin studies, highlights key findings from classic twin studies, describes 
several unique cases of twins who have grown up apart, and concludes with a brief 
statement of what the findings imply for how we understand human development.
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9.2 Twins raised apart: Past, present, and future
Many people will be surprised to learn that the first mention of twins reared apart 
was not in the scientific literature but in the world of comic drama. Separated 
twins first appeared in the play Menachemi (The Brothers Menaechmus or The Two 
Menaechmuses), written by the Roman playwright, Titus Maccius Plautus (c. 205 
BCE - 184 BCE). Interestingly, Sir Francis Galton, the Father of the Twin Method, 
whose 1875 study laid the foundation for future twin research and who studied 
behavioral resemblance in adoptive families, did not conduct or mention reared-
apart twins.3 However, Galton was aware that twins could be reared apart, given 
that he had received a letter whose sender described such a case.4 Credit for the first 
scientific study of reared-apart twins belongs to Paul Popenoe (1922) for his case 
study of twins, Bessie and Jessie.5 This case was later expanded upon by Hermann 
J. Müller.6

The first formal study of reared-apart twins was conducted at the University of 
Chicago in 1937. The investigative team consisted of biologist Horatio H. Newman, 
educational psychologist Frank N. Freeman and statistician Karl J. Holzinger.7 Their 
book reports statistical findings on many variables (e.g., intelligence, personality, 
height, and weight) for 19 pairs of MZA twins, as well as 50 pairs of MZ twins reared 
together (MZT) and 50 pairs of DZ twins reared together (DZT). A fascinating com-
pendium of life history material was included for each MZA twin pair. Key findings 
were MZA IQ intraclass correlations of ri = 0.68–0.74 (The intraclass correlation, or 
ri, presented here was recalculated from the IQ data included in their book in order 
to compare consistency across studies.8 It expresses the degree of resemblance, or 
shared variance, between the twins.)

The three researchers also presented within-pair correlations between the sepa-
rated twins’ IQ differences and educational differences of r = 0.55–0.79 and within-
pair correlations between the separated twins’ IQ differences and social differences 
of r = 0.51–0.53. The last two sets of correlations have been misinterpreted by some 
in ways that undermine the role played by genetic factors. However, the IQ correla-
tion showing that co-twins are more like each other than they are to the members of 
other pairs is evidence of genetic effects.

The next major reared-apart twin study was reported in book form by James 
Shields at the Institute of Psychiatry at the Maudsley Hospital, in London, England.9 
Shields studied 44 MZA twin pairs in great detail and provided brief data for 11 DZA 
twin pairs. He also included comparative data on 44 MZT twin pairs and 32 DZT 
twin pairs. Shields presented a range of behavioral and physical findings, as well as a 
section detailing the life history backgrounds of the reared-apart pairs.

Several of Shields’s personality results are worth noting. He found that MZA 
twins were more alike than MZT twins in both extraversion (ri = 0.61 and 0.42, re-
spectively) and in neuroticism (ri = 0.53 and 0.38, respectively). Shields suggest-
ed that when twins grow up apart, they express their genetically based traits more 
freely because they are not in a relationship with their co-twin. This same pattern 
of results was found by several other investigators when comparing similarity in 
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divergent thinking and in extraversion between MZ twins living together and living 
apart; however, this result was not found for psychosomatic complaints.10,11 More 
recent reared-apart studies have failed to find this effect, instead reporting that MZA 
and MZT twin pairs show similar levels of resemblance across personality traits.12 
Reasons for this discrepancy are uncertain, but may be a partial function of the per-
sonality inventories administered. Anecdotally, a number of researchers have ob-
served that when twins are together, one co-twin tends to dominate the conversation, 
and that MZ twins appear to interact more similarly with others when they are apart.

The third major reared-apart twin study was conducted by Niels Juel-Nielsen 
in Odense, Denmark.13 A special feature of Juel-Nielsen’s study of 12 MZA twin 
pairs is that he included not just a sample, but the entire population of reared-apart 
twins, born between 1870 and 1934 who satisfied the specified criteria. Like his 
predecessors, Juel-Nielsen included life history summaries of each twin pair at the 
end of his book. He found few co-twin differences in general health (e.g., height, 
EEG); both similarities (appearance of disorder) and differences (injuries, infec-
tions) in somatic disorders; differences in verbal areas, intellectual differences as-
sociated with educational differences, and personality similarities (e.g., gestures, 
facial expressions) associated with genetic factors; and personality differences in 
areas associated with interpersonal contact (e.g., cooperation, need for contact). 
Few of the twins had expressed psychiatric childhood symptoms, but Juel-Nielsen 
recognized a complex interplay between heredity and environment when it came to 
behaviors in this domain.

The fourth and last major investigation was the Minnesota Study of Twins Reared 
Apart, directed by Dr. Thomas J, Bouchard, Jr., at the University of Minnesota, in 
Minneapolis.14,15 This study was ongoing for twenty years (1979–1999); the first 
author (NLS) worked on that project for nine of those years, first as a postdoctoral 
fellow before becoming a research associate and Director of the CSU Fullerton Twin 
Studies Center (1982–1991). This study is the only one to have included both MZA 
and DZA twins in the full test battery. This methodological aspect is important be-
cause it avoided possible exclusion of dissimilar looking and/or behaving MZA pairs.

Twins spent an entire week at the university undergoing extensive medical and 
psychological examination; however, only selected findings are reported. In the do-
main of general intelligence, the weighted average intraclass correlation, based on 
162 MZA twin pairs from the original four studies plus an ongoing, large scale study 
from Sweden was ri = 0.75.16 Looking at the correlations across studies shows little 
variation, attesting to the robustness of this finding. This is impressive, given that the 
studies were done by different investigators from different countries using different 
tests. The Minnesota Study reported an IQ correlation of 0.69 (primary test) and 0.79 
(mean of three tests) for 48 MZA twin pairs. In addition, the twins’ IQ scores were 
not associated with their parents’ education, home facilities, family achievement, 
or intellectual motivation. A later analysis from the study reported a heritability es-
timate of 0.77 for general intelligence.17 Of course, intelligence is also affected by 
environmental factors. A recent study of reared-together young twins from low so-
cioeconomic circumstances showed reduced genetic effects.18
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In the personality domain, it was found that MZA twins were as similar as MZT 
twins across eleven personality traits (median = 0.48, 0.52, respectively).19 This in-
dicates that personality similarities between biological relatives living together are 
explained by their common genes, not by their common environment. Heritability es-
timates were also approximately 0.50 for religiosity, social attitudes, and periodontal 
characteristics. These three findings remain remarkable because it had been assumed 
that such traits were mostly affected by environmental factors. For example, prior 
research had shown that young MZ and DZ twins were equally alike in religiosity—
however, studies of adult twins show that MZ twins are more alike than DZ twins. 
This suggests that as people get older and able to choose their own lifestyle choices, 
their genetic inclinations are more freely expressed. Research in all three areas was 
largely revamped in light of these analyses.

By way of contrast, it is informative to compare more currently reported intraclass 
correlations for MZA twins, MZT twins, DZT twins and nontwin siblings (SIB) for the 
phenotypes mentioned above. For IQ the ris are 0.75 (MZa); 0.86 (MZT); 0.60 (DZT); 
0.47 (SIB). For height and weight, respectively, the ris are 0.86 and 0.73 (MZA); 0.93 
and 0.83 (MZT); 0.55 and 45 (DZT); 0.47 and 0.36 (SIB). For the personality trait of 
extraversion, the ris are 0.51 (MZA); 0.53 (MZT); 0.17 (DZT); 0.22 (SIB).20

In general, within-pair resemblance is larger for pairs with higher degrees of ge-
netic relatedness, but there are exceptions. IQ resemblance is somewhat higher for 
MZA than MZT twins, variously reflecting different educational backgrounds, but 
also the fact that most MZT studies were conducted using young twins living at home 
when family effects are most potent—in contrast with the MZA studies that assessed 
adults. Intraclass correlations for height and weight are also higher for MZT than 
MZA pairs, likely due to the female MZA twins whose susceptibility to environmen-
tal effects (e.g., pregnancy, diet, exercise, and hormonal fluctuations), as well as pos-
sible rearing effects, that reduced their resemblance. This trend has been previously 
reported in other reared-apart twin investigations.21 The correlations for extraversion 
are nearly identical for the MZA and MZT twin pairs, indicating that shared environ-
ments play a negligible role in resemblance among family members living together. 
Instead, environmental influences on personality traits appear to come from events 
that are not shared among family members.22 Examples might be taking an exotic 
vacation, reading a great book, or experiencing emotional trauma. However, some 
researchers have challenged this conclusion, asserting that the causal mechanisms 
underlying nonshared environmental variability in outcome are unknown23

Other important and influential reared-apart twin studies have been completed or 
are ongoing. Their locations are Japan, China, Sweden, and Finland.24 Findings from 
these studies have been presented in research articles, rather than in book form as in 
the four investigations detailed earlier.

9.3 Fullerton study of Chinese twins reared apart
The studies described above mostly included twins who met for the first time as 
adults. In contrast, the Twin Studies Center at California State University, Fullerton 
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(CSU Fullerton) is conducting the first prospective study of separated twins, known 
as the Fullerton Study of Chinese Twins Reared Apart. The twins, mostly female 
pairs, were separated indirectly because of China’s One-Child Policy that was enacted 
in 1979 and remained in place until 2015.25 The policy limited urban families to 
one child and rural families to two. Given that the Chinese culture prizes sons over 
daughters, the policy led to the abandonment of hundreds of thousands of baby girls, 
with twins among them. The current sample includes 22 reared-apart twin pairs (15 
MZA and 7 DZA); some sets come from Taiwan and Vietnam. Two pairs are male, 
and one pair is opposite-sex.

All twins completed a general mental ability test, while their adoptive par-
ents completed a series of inventories and questionnaires concerning their child’s 
background, health history, educational history, personality traits, behavioral 
problems, and creative tendencies. Parental characteristics, such as education, 
religious affiliation, and occupation, are also recorded. A companion study of 
50 pairs of Chinese twins adopted together is also ongoing at CSU Fullerton. 
The reared-apart twin study began in 2005, yet participant identification and data 
collection have required considerable time and effort.26 Three papers from the 
project, one on twins’ first meetings, one on early behavioral problems, and one 
on intellectual resemblance have so far been published. The first study found that 
reared-apart twins older than 18 months (n = 7 pairs) expressed greater emotion 
at the first meeting than twins younger than 18 months (n = 3 pairs).27 The three 
categories of interaction upon first meeting were (1) high: intense attraction and 
interest in one another (e.g., smiling, hugging), (2) moderate: not immediately 
drawn to or focused on each other (e.g., somewhat withdrawn; generally quiet, 
but interested), and (3) low: little attraction or interest in one another (few verbal 
exchanges; no physical interactions).

In the second study, genetic effects were found for all developmental measures 
given (developmental delays at adoption, crying/clinging, initial adaptation to 
adoption, and refusal/avoidance), with shared environmental variance also affect-
ing the first two.28 The third paper compared the IQ resemblance of the Chinese 
twins reared apart to that of the Chinese twins reared together, and to virtual twins 
(VTs) (same-age unrelated children raised together since birth). A key finding was 
that the MZT twins were more alike in intelligence than both the MZA and VT 
pairs, evidence of both genetic and environmental influences. However, the differ-
ences only reached statistical significance between the MZT pairs and VT pairs, for 
overall IQ and verbal IQ; this result is likely due to the small sample of MZA twins. 
Interestingly, the MZA pairs outperformed the MZT pairs in verbal IQ. This find-
ing supports the view that twins reared together engage in less verbal interaction 
with adults than twins reared apart, thereby reducing their linguistic skills. Lastly, 
the VT pairs composed of an adopted child and biological child scored higher in 
intelligence than the VT pairs composed of two adoptees. This may reflect the fact 
that the genotype of the biological child is correlated with the environment of the 
adoptee.29



144

9.4 Unique case studies
Case studies of reared-apart twins may not be representative. However, most pairs 
have unique features that stimulate thinking about questions and hypotheses that can 
be assessed in the future. Selected details about two such pairs are provided.

The first pair concerns MZA twins born in South Korea and raised apart in the 
United States and France. (The twin raised in the United States is labeled “US”; the 
twin raised in France is labeled “FR.”) US was raised in New Jersey, while FR was 
raised in a Parisian suburb; neither knew that they had a twin. As a young woman 
seeking a career in acting, US moved from New Jersey to Los Angeles. She posted a 
video of herself that was seen by one of her sister’s friends who was impressed with 
their remarkable physical resemblance. The friend notified FR, then a fashion stu-
dent in London, and the two 25-year-old women connected over the Internet. Their 
matching looks, birthdays, voices, and health histories convinced them that they were 
identical twins. When the first author learned about them it was clear that they had to 
undergo DNA testing prior to celebrating their possible, albeit likely twinship. The 
insistence stemmed from an experience with a pair of young Chinese girls raised by 
different families who looked a lot alike but proved to be genetically unrelated, as 
indicated by DNA testing.30 US and FR agreed to undergo the procedure, and both 
their twinship and their monozygosity were confirmed.

US and FR visited the Twin Studies Center at CSU Fullerton and completed a 
comprehensive assessment battery that included a general intelligence test (WAIS 
Adult Intelligence Scale-IV31), special mental ability tests, personality inventories 
and a job satisfaction questionnaire.32 The twins showed both striking similarities 
and informative differences. Their IQ scores were 17 points apart, higher than the 
average six-point difference reported for MZ twins reared together.33 A difference 
of this magnitude was not anticipated, but may have been partly linked to US’s more 
diverse activities (her acting and waitressing both required memorization and pro-
cessing speed). However, the twins’ subtest profile, based on fifteen subtests of the 
WAIS-IV (ri = 0.993, P < 0.001), was extremely similar; the intraclass correlation 
captures elevation, scatter and shape.34 The profile shape measured separately was 
also similar (r = 0.53, P < 0.05). Examining their profiles according to the four main 
scales (verbal comprehension, perceptual reasoning, working memory, processing 
speed, and IQ) showed remarkable resemblance. The twins also showed similar spe-
cial mental ability profiles (ri = 0.92, P < 0.001) and profile shape (r = 0.91, P < 
0.001).

US and FR also showed resemblance across the 21-dimensional scales of the 
Personality Profile for Professionals (PfPI).35 This was true for the scales alone 
(ri = 0.89, P < 0.001) and the scale plus the Big Five personality traits (openness, 
conscientiousness, extraversion, agreeableness, and neuroticism) derived from them 
(ri = 0.98, P < 0.001). This pattern was essentially repeated for the personality traits 
measured by the adjective checklist (ACL).36 In contrast, the twins showed little 
resemblance across the Big Five scales of the NEO-PI-R for reasons that are unclear. 
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Interestingly, FR scored lower in extraversion, a possible consequence of her having 
been raised in a community with relatively few people of Asian ancestry, whereas US 
grew up in a more ethnically diverse New Jersey neighborhood. Finally, US and FR 
showed very similar profiles across the four scales of the Job Satisfaction inventory. 
Additional information about the twins can be found in their book, Separated @
Birth37 and in their documentary film, Twinsters.38

A second case study involves the world’s longest separated pair, a characteristic 
that merited mention in the Guinness World Records.39 The twins, who are DZA fe-
males, met for the first time at the age of 78 years. They had been born in the UK to a 
single mother who could only afford to raise one child. One of the twins was adopted 
by a British family and only learned of her twinship after her own daughter traced her 
mother’s genealogy. The twins’ mother and the other twin whom she raised moved 
to the United States when the twin was in her twenties. This case came to attention 
when the son of the US twin contacted the first author. It was arranged for each twin 
and one of their children to visit our campus where their reunion took place.

Like the Korean twins, this older pair completed a comprehensive test battery 
from which selected findings will be presented.40 The twins did not look physically 
alike; however, their three-pound weight difference and 1.72-inch height difference 
were more typical of MZ than DZ twins. Regardless, their dizygosity was confirmed 
by discordance for 5 of 15 short tandem repeat (STR) markers. Their WAIS-IV sub-
test profile (ri = 0.02) and shape showed considerable discrepancy (r = 0.07). Their 
IQ difference was eleven points, consistent with the mean difference of ten points 
for DZ twins reared together.41 Organizing their IQ data into the four major scales 
revealed similarities and differences in patterning.

In the domain of personality, the twins’ ACL trait profiles showed consider-
able similarity overall (ri = 0.998, P < 0.001) and in shape (r = 0.98, P < 0.001). 
In contrast, this level of resemblance was not observed for the Big Five personality 
measured by the NEO-PI-R42 or personality mini-markers.43 Reasons for these dif-
ferences remain unclear, but it is important to note that the same effect was noted 
for the Korean-born twins. Both DZA twins showed high levels of satisfaction with 
the jobs they had held, as well as with their social support, although the US twin 
perceived greater availability of resources.

The final area to be discussed are the rare pairs of twins who are reared apart be-
cause one twin is switched soon after birth with an unrelated infant, due to presumed 
negligence on the part of hospital staff. There have been 11 such cases documented 
in the scientific literature and/or the media. The first switch took place in 1941 and 
the most recent switch took place in 2021. These cases come from different countries 
around the world. In two cases, there was a double switch, meaning that one twin 
in one pair was exchanged with one twin in another pair. (There are also two other 
switched-at-birth twin cases that have surfaced anecdotally, and a third such pair is 
mentioned briefly in a book about twins, but they are not included here.) The chro-
nology of cases is presented in Table 9.1.
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The focus here is on a rare case recently studied by the first author and a research 
team. The book that resulted, referenced below, concerns two sets of identical male 
twins from Colombia, South America. The twins are shown in Fig. 9.1.

Table 9.1 Switched-at-birth twins.44

Location Date of birth Gender Age at meeting

(Years)
Switzerland 1941 male 5.0
Canada 1971 male 20.0
Poland 1983 female 16.0
Puerto Ricoa 1985 female 1.5
Canary Islands 1973 female 28.0
Canary Islands – male –
Colombiaa 1988 male 25.0
Kenya 1999 female 19.0
Malaysia 2001 female 19.0

a Doubly switched twins.

FIG. 9.1 Doubly switched Colombian twins. 
Photo Credit: Dr. Nancy L. Segal.
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The Colombian twins can be organized into (1) two MZA twin pairs, (2) two VT 
pairs (i.e., same-age unrelated siblings raised together—but believing they were DZ 
twins), and (3) two “replicas,” or unrelated siblings who were not reared together, 
but who genetically replicate the unrelated reared-together pairs. Comparing replicas 
with VTs provides an index of shared environmental effects. One pair of unrelated 
twins lived in the culturally rich city of Bogotá and attended college. The other pair 
lived in a rural area far from a city and did not advance beyond the fifth grade (al-
though one of the twins later completed a high school equivalency course and com-
pleted law school in 2022). Here, selected findings from this case study are described; 
additional information is available in the book, Accidental Brothers and published 
papers cited therein.45

Both reared-apart pairs showed similarities and differences in general men-
tal abilities, as did the VTs; the profiles of one MZA pair closely aligned. One 
set of replicas showed considerable difference, whereas the other set showed re-
semblance in their profile contours. The twins raised in Bogotá either outper-
formed or performed similarly to their country-raised counterparts. Again, this 
is not surprising, given the extreme differences in their education. The twins also 
completed the Raven Advanced Progressive Matrices (APM), Set II.46 Here, both 
twins from Bogotá obtained higher scores than their co-twins and scored closer 
to each other than to their co-twin. The biggest difference was between one of the 
replicated sets.47

These results are shown in Figs. 9.2 and 9.3. Intraclass correlations were not cal-
culated for the mental ability profiles because only four indices were reported with 
the actual scores omitted in the interest of confidentiality. Note that with the other 
reared-apart pairs discussed in this chapter we included intraclass correlations, given 
that scores across all subtests could be reported. Intraclass correlations were not cal-
culated for the Raven APM, Set II which yields a single score.

Finally, there has been considerable attention to the origins of myopia (near-
sightedness). Our research team examined the hypothesis that spending longer out-
door time results in more normal vision and refractive status, as compared with 
spending more time indoors. The Colombian twins were an ideal case to use for 
testing this idea, given their differences in rearing circumstances and education-
al history.50 It was discovered that uncorrected visual acuities were 20/160 and 
20/200 for the city-raised twins and 20/20 and 20/30 for the country-raised twins. 
These differences could not be explained with reference to premature birth, low 
birth weight, computer use and reading time. Thus, time spent outdoors appeared 
to be a key factor in preventing the development of myopia. This finding underlines 
the additional importance of twin studies for identifying non-genetic causes of co-
twin differences. Twin research is about both genetic and environmental sources 
of influence.
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FIG. 9.2 Mental ability profiles: reared-apart twins, virtual twins and replicas. 
Adapted from published source.48
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9.5 Twin study controversy
Twin research has produced a wealth of psychological and medical findings that 
have improved lives and enhanced understanding of human development. However, 
there are occasional examples of research that depart from conventional standards, 
and whose methods seriously challenge our sensibilities and ethical principles. A 
study undertaken in the 1960s and 1970s in New York City studied intentionally 
adopted-apart twins from birth to age twelve years, without informing their adoptive 
parents that they were raising a singleton twin. Dr. Viola W. Bernard, a psychiatric 
consultant to Louise Wise Services (LWS), formulated and implemented the separate 
rearing of twins for adoption. Bernard believed that twins growing up together could 
not development separate identities. She also believed that she would reduce the 
emotional challenges and financial constraints that -affect some families raising 
twins.

FIG. 9.3 Raven APM, Set II: reared-apart twins, virtual twins and replicas. 
Adapted from published source.49
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This study was the focus of two recent documentary films, The Twinning Re-
action51 and Three Identical Strangers.52 These films were highly informative, but 
could not fully capture the characteristics of the principal investigators (the psy-
choanalytically-oriented psychiatrists, Drs. Peter B. Neubauer of New York’s Child 
Development Center, and Viola W. Bernard of Columbia University and LWS), the 
research methodology, the twins’ life histories and the legal and ethical implications 
of publishing their work as a book-length treatment.

Given the foregoing, the first author wrote Deliberately Divided: Inside the Con-
troversial Study of Twins and Triplets Adopted Apart.53 It is dedicated to the twins 
who were unwitting participants in this long-term twin study. The reunited twins 
have variously expressed outrage, sadness, and disappointment at having been de-
prived of their growing up years together. Their adoptive families, who had placed 
full confidence in the adoption agency that had separated the twins, feel emotionally 
devastated, and extremely angry at not having been told that their adoptive child had 
a twin. Very few publications resulted from their efforts—the few articles, single 
book chapter and book (that addresses a variety of developmental topics) are highly 
descriptive of selected pairs and include considerable overlapping content. The origi-
nal data files are stored in Yale University’s archives, not to be made available until 
2065. Twin-related materials reside in Columbia University’s archives, a portion of 
which can be accessed. The twin study’s data records that had been sealed at Colum-
bia University until 2021 can now be examined by the public.

9.6 Research directions
Twin research is rapidly expanding, partly due to the growing number of twins in 
western populations. The dramatic increase in twinning in the United States (from 
1/60 birth in 1980 to 1/33 currently) has been largely attributed to the use of in vitro 
fertilization (IVF) and other assisted reproductive technologies that involve multiple 
ova or eggs. IVF involves extracting two or more eggs from the prospective mother, 
mixing them with spermatozoa from the father and implanting the resulting embryos 
in the mother’s uterus. In addition, women are delaying the child-bearing years to 
complete their education and pursue their career goals. The association between 
fraternal twinning and older maternal age, beginning when women are in their mid-
thirties, has been well documented.54

There are other explanations for why twin research is proliferating in institutions 
that, until recently, did not consider genetic perspectives in crafting projects. Spe-
cifically, scholars are interested in all sources of influence on religious interests and 
activities, political beliefs, social attitudes, social interaction and dentistry.55 Clearly, 
there is growing appreciation for the role of genetic influences across academic dis-
ciplines. Twins tell us a lot about who we are, how we came to be and may provide 
clues as to where we might be headed.

There have also been numerous advances in identifying genes associated 
with various illnesses, such as schizophrenia,56 educational attainment,57 and 
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educational mobility that contribute to variation among people.58 Twins who dif-
fer in serious disorders (e.g., diabetes; psychoses), with respect to expressing the 
condition and/or who differ in the number and severity of symptoms, are especially 
valuable research participants. That is because when MZ twins differ in certain 
ways, researchers can look for prenatal and postnatal factors that might have trig-
gered the condition in one twin and silenced it in the other twin. This information 
can be applied to protect, manage and/or control illnesses in predisposed individu-
als in the general population.

Despite the redirecting of twin research, observing twins up close remains a sci-
entifically fruitful undertaking. Studies that allow for such observation can gener-
ate a range of unique hypotheses and conclusions. At the same time, the increased 
twinning rate means that we need to pay attention to epigenetic factors and other 
influences in MZ and DZ twins’ unique prenatal environments, such as fetal posi-
tioning and nutritional supply59,60 and events in their shared environments, such as 
parenting quality61 and socioeconomic status62 that could affect their development. 
The many local, national, and international parents of twins clubs, such as Orange 
Coast Mothers of Twins, Mothers of Multiples Society, and the International Council 
of Multiple Birth Organizations, have helped draw attention to twins’ special rearing 
and educational issues.

9.7 A quote that will endure
I will leave readers with this statement from Dr. Thomas J. Bouchard, Jr., the Director 
of the Minnesota Study of Twins Reared Apart:

“Twin studies . . . refute both biological and environmental determinism. They do 
not negate the effect of the environment on behavior, nor do they overglorify the role 
of genes. They account for the uniqueness of each of us.”63
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10.1 Introduction
The medical research literature on studies involving twins as participants has a rich, 
150-year history1, 2, though principally based on same-sex pairs. In 1876, before twin 
zygosity was fully understood, Galton was already convinced that extreme physical 
resemblance was more frequent in twin pairs of the same-sex and that genetics could 
somehow explain why some same-sex twin pairs were more similar than others3.

Unlike monozygotic (MZ) twin pairs, dizygotic or “fraternal” (DZ) twin pairs can 
be of same-sex or opposite-sex. It is now established that DZ twin pairs originate from 
two fertilized eggs or zygotes and are born sharing around 50% of their genetic vari-
ants. MZ twin pairs originate from one fertilized egg that later splits into two zygotes, 
therefore, both twins are of the same-sex (with rare exceptions) and “identical” DNAs4. 
For that reason, any physical or mental dissimilarity between MZ twin pairs can only be 
explained by nongenetic (or environmental) differences between them5.

When studies compare MZ twin pairs for a trait or condition, such as when using 
a within-pair case-control approach, they fully “control” for genes; which essentially 
means protecting from biased estimates due to genetic differences (or similarities) be-
tween individuals. In other words, this model provides confidence that genes are not the 
cause of any individual differences observed between members of the studied MZ twin 
pairs. By default, such differences, if and when they exist, can only be explained by either 
shared environmental factors such as those associated with cohabitation if they are reared 
together, as well as paternal characteristics or socioeconomic status, or other factors 
uniquely pertaining to each individual, such as smoking status or weight, for example.

Studying same-sex DZ twin pairs alone is not as straightforward because they 
only share on average half of their genetic variants, being only as genetically similar 
as any pair of siblings. But all within-twin pair studies, using MZ or DZ twin pairs, 
control perfectly for age and year of birth.

Studying opposite-sex DZ twin pairs, therefore, allows for studying differences 
between males and females for health outcomes while holding many other factors 
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constant, including age and year of birth. This design also controls for on average half 
of autosomal genetic factors as well as for shared environmental factors that make 
family members more similar than pairs of individuals chosen at random. Observed 
differences between males and females in opposite-sex pairs can shed light upon the 
aetiology of sex differences by ruling out confounding due to a range of potentially 
important familial factors.

In this brief chapter, we first present evidence for a potential effect on opposite-
sex cotwins due to them sharing the mother’s womb which contributes to greater 
dissimilarities between male and female twins from the same pair than would be 
expected for twins from same-sex pairs or for males and females in the general popu-
lation. We then briefly explore study designs based on direct comparisons between 
males and females in opposite-sex pairs; and how these designs can help explore sex 
and gender differences related to how people experience health and disease.

10.2 Sharing more than a womb
As in any other scientific field, a good statistical model using twin data is only a sensible 
approximation of the phenomenon that researchers want to explain. Studying sex 
differences of opposite-sex twin pairs requires assuming that having an opposite-sex 
cotwin does not produce any substantial differences other than what would be reasonable 
between male and female non-twin siblings. If this assumption does not hold, then 
findings from studies of opposite-sex twin pairs would only be relevant to opposite-sex 
twins and not to same-sex twins or males and females in the general population.

Two major hypotheses guide scientific research investigating potential health 
effects of having an opposite-sex compared with a same-sex cotwin6 which could 
determine the validity of the assumption above. The first is a biological one; that 
intrauterine effects originating from hormonal transfer between the male and female 
twin in the mother’s womb are responsible for making opposite-sex twins different to 
same-sex twins. The second hypothesis relates to the possible effects on social rela-
tionships and other psychological outcomes related to growing up with an opposite-
sex cotwin.

10.2.1 Biological effects
Evidence supporting the “biological” hypothesis shows that male twins with a 
female cotwin are born heavier and are longer at birth than male twins who are born 
with a male cotwin. However, the modest differences observed have been previously 
attributed to the longer gestational age of opposite-sex twin pairs7. Sharing the 
mother’s womb with a female instead of a male cotwin can also be linked to better 
early life health outcomes for males8, while simultaneously increasing the risk for 
early respiratory morbidity for their female cotwin9.

In children, there have been reports of opposite-sex twins being more susceptible 
to myopia than same-sex twins, although the studies have been limited in terms of 
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sample size10. Sharing the womb with a male cotwin also appears to be associated 
with lower cognitive scores for females, with males from opposite-sex pairs doing 
better cognitively than males from same-sex pairs6. This difference in cognition has 
been linked to changes at the molecular level related to how genes are expressed; it 
also supports the intrauterine hormonal transfer hypothesis11.

Despite findings that female cotwins might be cognitively disadvantaged due to 
exposure to their male cotwins either due to sharing the same womb or due to cohab-
iting effects, having a male cotwin can decrease the risk of dementia for females in 
opposite-sex twin pairs when compared with females in same-sex pairs12. Potential 
in utero hormonal transfer might not always result in noticeable biological differ-
ences for opposite-sex twins as they grow older. For example, the sex of a cotwin 
does not appear to be associated with height and body mass index in adulthood13.

A recent systematic review showed that differences between opposite-sex and 
same-sex twins, when they exist, do not appear to be substantial at the population lev-
el for most traits or conditions6. Therefore, at least biologically, opposite-sex twins 
are largely comparable to same-sex twins for scientific purposes.

10.2.2 Socialisation effects
When it comes to potential “socialisation” effects related to growing up in an 
opposite-sex twin pair, the evidence is also not entirely conclusive. For example, one 
study found no major differences in social competence and friendship between same-
sex and opposite-sex pairs14. Likewise, the same study found that twins had lower 
social competency scores than singletons.

A study comparing same-sex and opposite-sex twin pairs for eating disorders 
(ED) found an association between the sex of the cotwin and ED, with females in 
same-sex pairs having a higher prevalence of ED than females in opposite-sex pairs15. 
The study did not find support for a “social masculinisation” effect, suggesting that 
intrauterine effects might be a more plausible explanation for the observed sex differ-
ences in this condition. The study’s small sample size means that interpretations and 
conclusions arising from the results should be treated with caution.

A study of male and female attitudes toward issues such as sexuality, religion, 
and politics found that female twins in opposite-sex pairs had more similar responses 
to male twins compared to female twins in same-sex pairs16. This approach did not, 
however, rule out genetic and shared environmental factors as possible causes of the 
observed sex differences in responses.

Ruling out familial factors when studying sex differences in health outcomes is es-
sential, given substantial evidence that family members are typically more alike than 
unrelated individuals for a variety of conditions including heart diseases, cancers, and 
mental disorders, such as depression17. Individuals with a family history of these and 
many other chronic conditions are at a higher risk of having these conditions them-
selves18. Studying differences between males and females of opposite-sex twin pairs 
allows for comparisons between individuals with a similar family history for health or 
disease outcomes, which is a critical advantage when investigating sex differences.
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10.3 What can sex differences in opposite-sex twin 
pairs tell us?
Studies of sex differences in opposite-sex twins resemble clinical or randomised 
control trials (RCT) to some degree. In an RCT, for instance, groups of similar 
individuals are randomly exposed to different treatments or risk factors (exposures) 
for a disease (commonly including a placebo group), followed over time and then later 
compared for their disease outcomes. Opposite-sex twin pairs fulfill the following 
criteria, in that they provide: (1) two individuals of the same age that are genetically 
similar, (2) who have shared environmental factors since conception, and (3) who 
differ in sex—a critical “exposure”. Comparing health outcomes within opposite-
sex twin pairs, especially over time, can therefore offer important insights into sex 
differences in a more accurate way, protected from aspects of familial cofounding, 
than from comparing groups of males and females who are unrelated.

For example, a study that compared male and females in opposite-sex twin pairs 
from birth found that males were about 60% (95% Confidence Interval: 39%–83%) 
more likely to die within the first year of life than their female cotwins, even after 
adjusting for birth weight and, birth order19. This finding suggests the existence of 
intrauterine effects that disproportionally affect males who share the mother’s womb 
with a female cotwin, beyond what is normally expected from the well-recognized 
male early-life “disadvantage”20. Similarly, males in opposite-sex twin pairs are 
more likely to be born with a congenital disability than their female cotwins21.

A Swedish study of opposite-sex twin pairs also found that male and female cot-
wins differed in the prevalence and severity of the health conditions they experienced 
throughout their lifetimes22. For example, the males were more vulnerable than their 
female cotwins to suffering severe cardiovascular conditions.

Direct comparisons between males and females from opposite-sex twin pairs for a 
trait or condition provide insight into sex differences, and studying associations between 
exposures and health outcomes in such pairs can generate important findings. A study of 
opposite-sex twin pairs found that higher quality interpersonal relationships protected 
the female twins from developing a major depressive disorder (MDD) more than it did 
their male cotwins23. Furthermore, males appeared to be more affected by stressors such 
as lowered self-worth and their perceived failure to achieve established goals. From an 
earlier study, social support also appeared to be a protective factor for MDD, the more 
so for females than for their male cotwins24. Differences in how males and females from 
opposite-sex twin pairs experience sleep, hypersomnia, and agitation25 provide some evi-
dence on possible pathways for these health-related conditions.

10.4 Conclusions
Despite the advantages of studies of opposite-sex twin pairs, they have rarely used 
in medical science. On the contrary, it is not uncommon for twin researchers to 
purposely choose not to recruit opposite-sex twin pairs for their studies. This can 
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be at least partially attributed to the perceived impact of confounding conferred 
by hormonal differences between males and females. These valuable twin pairs, 
however, provide possibly one of the most robust scientific methods to study sex and 
gender differences by protecting from bias due to uncontrolled from shared familial 
factors (both genetic and nongenetic) while controlling for age and year of birth.

It is important to acknowledge the potential limitations of this method. First, it 
relies on the assumption that opposite-sex twins are not substantially different from 
same-sex twins due to in utero hormone transfer effects and cohabitation-related 
factors. Second, while twin studies confer advantages not possible in studies of un-
related individuals, generalising findings from twin studies to the general population 
might require extra caution and possibly additional analytical steps depending on the 
availability of suitable data26.

Several twins registries and cohorts worldwide are custodians of valuable data-
sets available for analysis in medical research projects. Some of these entities have 
collected data from twins of all sex and zygosity categories who volunteered for 
research over several decades. Prominent examples can be found in many parts of 
the world27. Making use of such valuable data resources collected from opposite-sex 
twin pairs presents a viable and rewarding way to conduct more reliable scientific 
research on sex and gender differences that can lead to more equitable public health 
outcomes.
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Since the earliest times, it has been intuited that twins provide a window into the 
human condition, with numerous references in philosophical and literary texts, 
notably by Augustine of Hippo (400AD), Shakespeare, and others. The formalization 
of this intuition toward scientific study may best be attributed to Francis Galton in 
the late 19th century,1 although at that time it was not yet established that there were 
two discrete types of twins. Researchers in the early 1900s2,3 pointed to the scientific 
value of twin studies,4 but in 1919 Sir Ronald Fisher still advocated that there was 
only one type of twins, stating that “…twins ordinarily share the hereditary nature of 
one gamete but not of the other”.2

The first half of the 20th century saw a slow but steady development of twin 
research through the pioneering work of researchers as Poll,5 Merriman,6 Siemens,7 
and Holzinger8 (see Mayo9 for a detailed account of this development). In Russia, 
twin studies were initiated as early as 1900, with the first focus on psychological dis-
turbances (see Box 11.1). Many twin studies were then undertaken and were essential 

https://doi.org/10.1016/B978-0-12-821514-2.00011-8
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in understanding the etiology of disorders. In France in the 1950s, Lejeune et al.10, 
for example, became puzzled by the high concordance seen in Down syndrome in 
identical twins in comparison to the extremely low concordance in non-identical 
twins. This concordance pattern was inconsistent with single gene inheritance and 
was one of the observations which led to the discovery of trisomy-21 as the cause 
of Down syndrome. The history of twin studies, including the basic methodologi-
cal insights and developments, has been described in multiple papers.4,9,11,12 In the 
classical twin design, which includes mono- and dizygotic (MZ and DZ) twin pairs 
reared together, the resemblance for one or more human traits is compared between 
MZ and DZ twins to obtain estimates of uni- and multivariate heritability. A larger 
resemblance in MZ twins is consistent with genetic influences on the trait under 
study. In the classical twin design, the statistical power is the largest for detecting ad-
ditive genetic influences (A). The two other variance components that contribute to 
resemblance of relatives, common or shared environmental variance (C), and domi-
nance or non-additive genetic variance (D) require larger samples or the inclusion of 
additional family members to achieve reasonable power. Explorations of power of the 
classical twin study, first by simulation and later by direct analysis, showed that many 
thousands of pairs would be needed to separate these sources of variance.13,14 This 
became the justification for the founding of large twin registries in a number of Euro-
pean countries, in the Scandinavian countries, the Netherlands, the United Kingdom, 
as well as in the United States and Australia. Many other countries in different parts 
of the world have followed suit. Compilations of twin registers across the world have 
been carried out periodically and published in the journal Twin Research and Human 
Genetics (2002, 2006, and 2013) and elsewhere.15 Many of these twin registries are 
longitudinal, population based, and sufficiently large for epidemiological studies.

Twin registries have been a resource for thousands of studies, estimating the 
relative impact of genetic and environmental factors on trait variation across a wide 
range of biomedical and social science disciplines.16,17 Their potential, however, for 

Box 11.1 Twin research in Russian science
Reviews on the history of twin research tend to focus on developments in Western European countries 
and the United States. However, early references to twin studies are also to be found in Russian 
science. Psychiatrists Sergey Sukhanov and Tihon Yudin studied the similarity of psychosis in twins 
from 1900,79 and several small twin research of morphological, physiological, and psychological 
characteristics were conducted from 1900 to 1929.78 The Russian Medical and Biological Institute, 
which was created in 1929 and continued as the Medical and Genetic Institute from 1935 onwards, 
conducted systematic and large-scale twin research where more than 700 twin pairs were studied. The 
research was conducted by medical doctors, psychologists, and pedagogues under the guidance of 
Solomon Levit. A special kindergarten for twins was created in the institute, in which motor functions, 
different forms of memory, level of psychic development, attention, and intellect features were 
studied. The method of twin-control design was used to study effectiveness of pedagogic, medical, 
and psychological interventions.80 Unfortunately, these studies were limited and prohibited at the 
end of 1930s, and were restarted in Russia only in 1970ies in laboratory of genetic psychophysiology 
created by Irina Ravich-Shcherbo.81
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disentangling the role of genetics in human traits goes much further, through dif-
ferent designs and investigative methods, from genetic epidemiology to molecular 
approaches.18–20,70 In many of the large registers, data collection is undertaken by 
mailed questionnaire or by telephone interview and more recently, by online survey, 
and record linkage. Clinical twin studies were of necessity often smaller, requiring 
twins to visit research or medical facilities, or researchers visiting twins at home. In 
anticipating of the age of molecular genetics, many registers started DNA collections 
in the early 1980s, and these samples have become a highly valuable and much used 
resource for zygosity assessment, genetic linkage, and association studies. Collecting 
multiple sources of biological material has enabled twin studies of epigenetics, tran-
scriptomics, metabolomics, proteomics, microbiome, and a wealth of biomarkers.

This chapter aims to discuss several aspects in establishing a twin register. We 
will attempt to cover what is important and why, and how to develop such a scien-
tific resource. In this endeavor, we will also refer to when to start and who should 
participate. Our aim is not to offer a checklist or a complete step-by-step technical 
guide, but rather to discuss the issues that, in our experience, should be addressed at 
the launch and in the management of a twin register.

11.1 The first steps
The first question that should be addressed is “Do we really need to start a new twin 
register?” Establishing a twin register is a huge and long-lasting effort and, although 
it pays back in the long run, it is costly, both in terms of economic and personal 
investment. Hence, research objectives must be clearly defined. Working with 
twins has many compensations that go even beyond the classical methodological 
advantages (see Box 11.2), and establishing a register may appear to be the best 

Box 11.2 Do it with twins
In 1982, David Lykken listed in his presidential address to the Society for Psychophysiological 
Research82 several compelling reasons for doing research with twins, that are ‘in addition to’ the 
genetic analyses that the classical twin design allows:

•	 Twins	are	plentiful	and	easily	recruited	as	experimental	subjects.
•	 Twins	are	probably	more	representative	of	the	general	population	than	any	other	group.
•	 This	representativeness	is	even	more	true	of	the	families	of	twins.
•	 Twin	data	are	invaluable	to	explore	issues	measurement.	Any	measure	that	shows	high	within-

pair correlation among MZ twins deserves to be treated with respect.
•	 The	method	of	co-twin	control	provides	enhanced	experimental	power.	Using	one	twin	from	

each pair for the experimental group and the other for the control group provides a test of one’s 
hypothesis that is as powerful as an experiment employing twice as many pairs of singletons.

•	 If	one	treats	one’s	subjects	properly,	and	keeps	in	touch,	then	it	will	be	possible	to	bring	many	
of them back repeatedly over the years to participate in additional experiments. This is useful 
not only for longitudinal research but as a method of enhancing each subsequent experiment 
with the information previously gathered on these same individuals.
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choice. However, it may not be the only option. Already established twin registries 
with data, or willing to collect new information, may be open to collaboration. In fact, 
nearly always a twin researcher can be found with an interest in collaboration and 
in replication of results. Using this option will not only result in economy of effort, 
avoiding duplication, but the proposed project may also benefit from the experience 
of other twin researchers.

Still, there may be many good reasons to start a twin register, for instance, in 
specific countries or populations. In that case, some other focal questions arise, 
starting with the question of initial funding. This is, of course, a relevant question, 
and the available options will depend on many, often local, factors. When applying 
for initial funds, it may be practical to adapt the objectives to limited resources by 
focusing on a specific research topic rather than putting in a more general appeal 
to establish a research infrastructure. It is often wise to refine the research agenda 
in order to meet two complementary objectives: obtaining meaningful results in 
the short-term and looking for synergy with other research groups. Planning a long 
and complex research question will delay results that will be needed, since future 
funding will probably depend on early success. Hence, it is important to select a 
main phenotype to study based on its originality, the interest in the question within 
the scientific community, the uniqueness of the sample, or the available resources 
for data collection (see Box 11.3). Complementarily, it is important to seek out 
researchers not only within other twin registers around the world but also outside 
the twin community, who have an interest in the selected phenotype and/or have 
relevant data. Collaboration with experienced researchers in the field is of value for 
a new project, while researchers from different disciplines may be interested in the 
possibilities that collaboration with a twin cohort offers. Identifying possible topics 
of common interest to the newly starting twin register and existing groups, which 
can contribute specific knowledge or techniques, may open new perspectives and 
facilitate trade-offs.

Box 11.3 How many twins?
For most of the 20th century, until about 1970, there were only vague notions of how big twin studies 
needed to be to provide useful estimates of the degree of genetic influence (heritability), and many 
of the early studies, including small numbers, gave highly inconsistent results when complex human 
traits were analyzed. In retrospect, we can see this was mainly due to studies being underpowered, 
although inaccurate zygosity diagnosis also played a role. “Is there a genetic contribution to 
scholastic performance?” was the motivating question behind the first Australian twin study on 
school examination results from 1967.83,88 While the study of 150 twin pairs was fairly large by 
the standards of that time, it soon became apparent that it was far too small to reliably estimate all 
genetic and environmental sources of variation, specifically the separation of additive genetic (A) 
and common or shared environmental variance (C). Multiple analytical and simulation studies now 
provide detailed tables with the required numbers of twin pairs for continuous and categorical traits, 
often distinguishing between uni and multivariate designs.13,14,84
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11.2 Strategic planning
A twin register ideally is a longitudinal resource and, therefore, the first steps should 
be considered as the basis of a long-term effort. Decisions made during the first steps 
should facilitate the strategic planning of the register as a long-lasting organization. 
This involves setting the main goals and selecting the activities, in accordance with 
the available resources, which need to be undertaken to achieve the established 
objectives. Here, we first discuss human resources and adaptability to changing 
conditions. Human resources are, obviously, a core element of a twin register. A 
group of highly motivated and coordinated researchers is needed to start and develop 
a twin register. Thus, the question of identifying who may provide valuable help and 
be willing to participate in the endeavor becomes crucial. Two different kinds of 
human resources should be contemplated: established researchers, from inside and 
outside the twin research community, who can contribute with expertise, advice, and 
logistics in their respective fields; and researchers or support personnel, who will be 
in charge of developing and maintaining the register. While the former is important 
in providing support and visibility, the latter is essential, since they will take care of 
the multiple tasks involved in the daily running of the register, that is, from planning 
and conducting data collection or updating contacts, to analyzing data or writing 
papers. Therefore, human resources management (including selection, training, 
and career development) with the objective of forming a reliable and enduring 
core group is paramount if the register is to go ahead. Flexibility, adaptability, and 
keeping an eye on opportunities are also relevant issues. In a changing environment, 
where critical aspects such as funding or collaborations may change constantly, it 
seems wise to contemplate different horizons and be able to quickly adapt research 
objectives to different scenarios. This implies too the capacity to keep going with 
limited resources while being prepared for incoming opportunities. Focusing only 
on long-term and complex research objectives may represent a handicap for register 
development in case of funding shortage or operational obstacles. Keeping in mind 
and planning parallel sets of objectives adapted to different conditions may help to 
overcome temporary difficulties.

11.3 Basic elements
There are several key elements that are at the core of the development of a twin 
register and that will determine its endurance and scientific success.

11.3.1 Recruitment methods
One of the foremost questions of every researcher willing to start a twin register relates 
to which are the best practices for optimum recruitment and retention methods. There 
is not one clear answer and there may be as many methods as established registers. 
Recruitment strategies depend on a research protocol that can specify, for example, 
age at recruitment, inclusion and exclusion criteria, recruitment group (e.g., parents 
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of young twins, adolescent, and adult twins), and possibilities of the research team, 
which may be affiliated with an academic institute or a medical infrastructure.

Table 11.1 summarizes, in a nonexhaustive manner, some of the possibilities for 
recruitment of participants. They can be divided into four major groups: (1) exist-
ing databases managed by public (e.g., city council, educational or health systems) 
or private (e.g., hospitals or insurance companies) stakeholders; (2) institutions or 
organizations that have access to twins; (3) participants recruited through media, 
advertisement, and social events; (4) word-of-mouth and recruitment through en-
rolled participants of register. There are many ways to find and enlist twins and, 
within these categories, researchers should be creative in finding ways to invite par-
ticipants to a register. Different citizen registers or records can provide information 
about twins (e.g., birth or military records). In some countries, sampling twin pairs 
are based on computerized population registers, either from direct information on 
multiple births or from applying algorithms based on sharing of date of birth, family 
name at birth, place of birth, and so on. A request to provide addresses of persons 

Table 11.1 Recruitment methods of twin registries.

Using existing databases with information on twins managed publicly or privately

Previous twin studies
Population registries
Birth records
Immunization registries
Different patient registries
Voter records
Military records

Collaboration with institutions and organizations

State public health resources (e.g., healthcare departments)
Hospitals, maternal hospitals, and outpatient clinics
Insurance companies
Schools
Orphanages and adoption agencies
Multiple birth associations
Twin clubs and associations

Recruitment through media and social events

Media, newspapers, TV, and radio
Advertisement
Information brochures
Website
Social Media
Scientific and social events (e.g., twin festivals and annual gatherings)

Word-of-mouth and through enrolled participants in register

Note: The table does not attempt to be exhaustive.
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born from the same mother with an identical date of birth can be done by munici-
palities. In all cases, “real” twins have to be distinguished from a larger subset of 
“possible” or “administrative” twins, as sharing the name of the mother and date of 
birth might occur by chance.21 Next, parents of twins or twins need to be contacted, 
with an invitation to participate in the register. Population samples can also be ob-
tained through collaboration with hospitals and schools. Records can be available at 
maternity hospitals, which may give an opportunity of direct recruitment of study 
participants. The recruitment through schools gives possibilities to obtain informa-
tion on school achievements from teachers. Many registries collaborate with twins or 
parents of twins associations.

Other twin collections are gathered independently of centralized records or insti-
tutions and may depend more on the motivation of the twins or their parents. Recruit-
ment through advertising has been used, as well as through mass media articles on 
twins and twin research in which information on major achievements is combined 
with continuing studies and contact information. Such approaches can be effective, 
and the possible effects of bias in non-randomly ascertained samples can be dealt 
with by statistical methods.22,72 Twin pairs can be registered via completion of a 
registration form online by either the twins or their parents if they are under the age 
of legal consent. Other avenues of recruitment include offering of booklets to parents 
who expect twins. The exposure on twin research findings on general media also at-
tracts new participants. Some registries organize social events (e.g., twin festivals, a 
range of exhibitions about twins, including photos and pictures). Common meetings 
of enrolled and new participants can benefit in the realization of a register and con-
tribute to the strengthening of the role and value awareness in participants. A useful 
practice can be when participants give presentations about their own experiences 
during meetings or on social media or websites.

11.3.2 Informed consent
Twin registers are set up with the aim of conducting multiples studies across a long 
period of time and generally collect a wide variety of data in their participants. While 
participants upon registration may agree at the start of the study to the general aims 
provided in information brochures and will consent to be approached in years to 
come, the initial consent will not cover all the data to be collected in the future. 
Participants should be kept informed of the ways in which their data are used and 
be provided with the option of withdrawal at any stage of the research. Researchers 
need to establish how they will meet the participants’ rights to know and to withdraw. 
Although the way this is laid down in law will not be the same across all countries 
in the world, it is always part of good scientific conduct. In the past, technology was 
not sufficient to provide individual feedback, and information on the use of collected 
data was often provided in a general manner via websites or mass-mailing of 
newsletters. As a result of technological advances, it is now possible to build portals 
or apps to provide much more personalized information, showing a person for which 
purpose his/her data were used, and allowing participants to indicate whether they 
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want to participate in specific projects or withdraw from the ongoing study. Such 
personalized platforms may require additional information from participants such 
as email address or phone number for verification purposes and provide new log-in 
information. The extent to which active informed consent requiring a handwritten 
signature is needed or it is sufficient to inform the participant and have an opt-
out procedure needs to be discussed with an ethical committee any time new data 
collection takes place. Thinking of the different kinds of projects that will take place 
and the way information will be shared with participants and getting the tools ready 
before the start of the twin register will not only save valuable resources later on, but 
it may also show the participants you will protect their rights, leading to increased 
trust in the twin register.

11.3.3 Determination of zygosity in twin registries
For a twin register, a critical measurement point is the zygosity status of a twin 
pair, that is, MZ or DZ, as it is the basis for subsequent research that focus on 
heritability estimation and genetic covariance structure modeling. It is also one of 
the most frequently asked questions by the twins, as they are sometimes uncertain or 
misinformed about their zygosity status. Even when no genetic analyses are carried 
out and the large datasets are used for epidemiological studies, researchers may want 
to correct for clustering in the data, depending on zygosity status. Misclassification 
of zygosity status in MZ or DZ pairs generally results in the heritability estimate 
going down (Fig. 11.1). In extreme cases, it may even result in wrong conclusions to 
be drawn from variance components modeling.

Zygosity can be determined according to simple rules (see Box 11.4), but DNA 
testing will give the most conclusive zygosity assessment. A recent development is 
to genotype both twins with single nucleotide polymorphism (SNP) arrays such as 
the Illumina Infinium global screening array or the Affymetrix Axiom World Array.23 
These arrays allow for fast genotyping for over 600,000 SNPs, which is more than 
is required to determine twin zygosity. However, given the reductions in genotyping 
costs, and the possibilities for future genetic association studies, makes a genome-
wide array a good investment. Of course, both twins need to provide their DNA. 
This can be collected by available prefabricated DNA kits for collection of buccal 
or saliva DNA at home, or blood can be provided at the study site. Once in the lab, 
DNA needs to be extracted, purified if needed, and diluted to the right concentration. 
The subsequent steps might be more array specific, but involve the fragmentation of 
the DNA into smaller pieces, then precipitation, and then hybridization to the chosen 
array. Here the sample fragments of DNA will ‘connect’ to the SNP alleles, variants 
of DNA sequence in humans, which are present on the array. This hybridization re-
sults in a fluorescent tag, which subsequently can be read from the array for all SNPs.

For zygosity assessment, a minimum number of typed SNPs needed is around 
50; however, using between 20,000 and 30,000 typed SNPs is optimal. At the DNA 
level, MZ twins will share (close to) 100% of their alleles. DZ twins will share on 
average 50% of their alleles, similar to siblings. After using the factory standard 
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FIG. 11.1 The effect of zygosity misclassification on the heritability estimates within a twin study.

In this figure, heritability estimates for height, total cholesterol, and fibrinogen are given on 
the y-axis. These estimates were calculated from the phenotypic correlations “c” between 
the two individuals of 391 Dutch DNA-confirmed MZ and 391 DZ pairs, with the formula 
(cMZ-cDZ)/(1-cDZ). Subsequently, in 5%, 10%, 15%, and 20% of these pairs, the zygos-
ity status was flipped from MZ to DZ, and from DZ to MZ, introducing misclassification 
(x-axis). Then, the heritability was recalculated and plotted in the figure. Depending on 
how strong the heritability of the phenotype is, the misclassification in general reduces the 
overall heritability estimate.

Box 11.4 Basic rules for zygosity determination
•	 Opposite-sex:	DZ
•	 Different	blood	groups:	DZ
•	 Large	differences	in	eye,	skin,	and	hair	color:	DZ
•	 One	placenta:	MZ	(note	that	two	placentas	does	not	imply	DZ)
•	 Alike	as	two	peas	in	a	pod;	parents	cannot	tell	the	children	apart:	likely	MZ
•	 Offspring	and	grandchildren	cannot	tell	parents	or	grandparents	and	their	twin	apart:	likely	MZ
•	 Discordance	for	blood	group	or	DNA	markers:	DZ
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tools for array genotyping (Beadstudio or APT-genotyper), a tool like Plink24 can be 
employed to quality control the DNA data, select an optimal number of SNPs, and 
determine the allele sharing in all pairs (genome option). This sharing is then given 
by the percentage of markers for which a pair shares no alleles (Z0), one allele (Z1), 
and two alleles (Z2). From these proportions, the overall sharing is calculated, by π 
(pi), which equals 0.5 x Z1 + Z2. Then, MZ pairs can be identified from the results 
by finding pairs with a π > 0.90. The DZ pairs can likewise be selected, by finding 
pairs that have a π between ~0.30 and ~0.70, and a similar value for sharing 1 al-
lele (Z1) (Fig. 11.2). For other values of π, researchers need to recheck which DNA 
sample was typed for the twins.

This approach has several more advantages. There is a useful genotyped dataset 
that allows for checking additional issues like genetic relatedness among participants, 
gender, heterozygosity, and if the study population is ethnically heterogeneous. As 
next steps, SNP sets can be imputed to, for example, the 1000 Genomes phase 3 or 
the Haplotype Reference Consortium genome reference panels.25 These data can 
then be analyzed in genetic association studies and contribute through meta-analysis 

FIG. 11.2 Allele sharing of various family pairs plotting the sharing of one allele versus 
Pi-hat to identify monozygotic and dizygotic twin pairs.
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in consortia to localization of genes for complex traits, to polygenic risk scores anal-
yses and estimation of SNP heritability, or employing Mendelian randomization to 
find causative relations.

11.3.4 Phenotyping: from survey to record linkage
Twin registers have obtained a wide variety of phenotype data through various 
methods. The basic measurement method often is the survey, with registers sending 
out surveys at regular intervals. When deciding on what to include in a survey, the 
purpose of the current survey as well as the long-term goals need to be taken into 
account. For instance, a funded study may focus on alcohol use, but a long-term 
goal may be to determine how genes and lifestyle contribute to depression, so it 
would make sense to include a depression scale in the survey. Also, it is important 
to consider which data can still change over time and which data are fixed and do 
not need to be obtained again. This may of course be age-specific. For instance, in a 
middle-aged group questions regarding educational level may not need to be repeated. 
Questionnaires also need to keep a balance between the quantity of information 
gathered and the participants’ needs, since they should not be burdened with too 
many questions, risking attrition, or incorrect/missing data. While devising the first 
survey may seem daunting, many twin registers will be happy to share information 
to help the new register use well-established procedures and avoid pitfalls in the 
survey set-up. While survey data can be obtained in all or at least large groups 
of participants, some data can only be collected in limited numbers. Laboratory 
procedures or specific phenotypes needing of complex settings, long assessment 
times, or expensive equipment are not easily applicable to large samples. Examples 
would be studies on brain imaging or extensive cognitive testing. In these cases, 
participants maybe invited based on specific inclusion criteria. New developments 
taking advantage of information technologies are modifying data collection 
procedures in epidemiological research and are also applied in twin studies. This 
includes computer-assisted surveys, and ambulatory assessment of objective (e.g., 
actimetry) and self-reported (e.g., mood and exercise) phenotypes through web or 
mobile applications.

Data collection is not, of course, limited to surveys or laboratory assessment. 
The assessment of environmental exposures linked to address or workplace infor-
mation and the development of exposome-wide association studies represents novel 
approaches to gathering information for research purposes that do not need the direct 
involvement of the register participant.

Record linkage to external databases (e.g., hospital, primary care, or insurance and 
education records) also is an invaluable source of information that has been used by 
registers, in Scandinavian and other countries. For example, Van Beijsterveldt et al.26 
linked phenotype information from the Netherlands Twin Register to the database 
of the Dutch pathological anatomy national automated archive. Record linkage was 
successful for over 9000 twin pairs. The effect of chorion type was tested by com-
paring the within-pair similarity between monochorionic and dichorionic MZ twins 
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on 66 traits. They concluded that the influence of the intrauterine prenatal environ-
ment, as measured by sharing a chorion type, on MZ twin resemblance was small 
and limited to a few phenotypes, implying that the assumption of the equal prenatal 
environment of mono and dichorionic MZ twins, which characterizes the classical 
twin design, is largely tenable.

11.3.5 Possibilities for biobanking in twin registers
Many twin registries collect biological samples from their participants. Initially, 
the reason for the collection of blood samples often was to have a reliable measure 
of zygosity based on blood group or DNA typing, but biological sample collection 
can also extend the potential of genetic epidemiologic research into, for example, 
cardiovascular and late-life health and mortality, by allowing measurement of 
biomarkers. Combined with the twin design, this allows estimation of the contribution 
of genomic factors (genetic, epigenetic, and gene expression) and biochemical factors 
(metabolites and proteins) to intermediate phenotypes and risk factors of disease, 
such as lipid levels.89 Designs involving MZ twin pairs allow discovery of variability 
genes, as demonstrated for lipid levels.27 The development of laboratory technologies 
has dramatically increased opportunities to study collections of biospecimens and 
their related data. This allows for comprehensive studies of complex diseases and 
phenotypes, facilitates identification of predisposing genes and epigenetic factors, 
and provides support for a better understanding of disease etiology.

The organization of biobanks becomes an important element with the increase 
of biospecimens and the necessity to conserve them. For example, whereas germ-
line variations in the DNA sequence of a person rarely depend on the age at which 
a sample was collected, this is different for somatic DNA variation, epigenetic, and 
telomeric variation, for which the subjects’ age when the specimen was collected is 
an important determinant.28–30 Other determinants of epigenetic profiles are tissue/
cell type31 and lifestyle factors such as smoking. Many types of samples (e.g., whole 
blood) contain a mixture of cell types with distinct epigenetic profiles. In epigenetic 
studies of such heterogeneous samples, assessment of cell counts allows to control 
for variation in cellular proportions between samples.

There are multiple strategies for collection, processing, and storage of biological 
samples. A wide variety of specimen types may be collected and in many molecular 
genetic studies more than one tissue is stored, including blood and blood fractions 
(plasma, serum, buffy coat, and red blood cells), RNA, saliva, buccal cells, urine, 
hair, fecal samples, or nails. Each of these specimen types needs to be collected, 
processed, and stored under conditions that preserve their stability with respect to the 
intended future analysis.32,33,76,77

Collection of blood specimens should be carried out by trained personnel. An 
evacuated tube system (vacutainers) or plastic tubes are commonly used to collect 
blood. Umbilical cord blood is a useful source for research purposes since the meth-
od of collection is not invasive. It can be obtained either through venous puncture of 
the umbilical cord or direct drainage to a sterile container immediately after delivery 
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(vaginal or caesarean). Blood is often fractionated in components (mononuclear 
leukocytes, neutrophils, erythrocytes, and plasma) before being analyzed or stored. 
When biobanking, blood should be aliquoted across series of tubes, as most assays 
use only a small amount of plasma or serum and this avoids thaw/refreeze. Serum or 
plasma allow for analyses of classical biomarker assays, antibodies, nutrients, lipids 
and lipoproteins, leptin, adiponectin, growth hormone axes, thyroid axis, inflamma-
tion, liver and kidney function, innate immunity, and metabolomic and proteomic 
analyses.

Metabolomics is the rapidly evolving field of the comprehensive measurement 
of ideally all endogenous metabolites in a biological fluid. The use of mass spec-
trometry and nuclear magnetic resonance spectroscopy provide novel biomarkers of 
metabolic health.34 Depending on the biomarker of interest, it may be important to 
collect, and note, whether samples were taken after fasting, how long after a meal or 
on a particular day, and of the menstrual cycle in women.

Whole blood, saliva, or buccal cells are excellent sources of DNA. Self-collection 
of buccal cells is a safe, simple, and cheap method that can be used to reduce the cost 
of specimen collection and is often preferred over blood collection by participants. 
Several methods are used for collecting buccal cells, including swabs, cytobrushes, 
and a mouthwash protocol.35,36,77 Other sources of DNA include, for example, toe 
nails.37

In contrast to DNA, RNA is very sensitive to degradation at room temperature. 
Transcriptomics studies require careful RNA collection, using the PAXgene Blood 
RNA System, which consists of a blood collection tube in which intracellular RNA 
is stabilized (PAXgene Blood RNA Tube) and can be isolated by using a nucleic acid 
purification kit (PAXgene Blood RNA Kit). Alternatively, the samples can also be 
by snap frozen in liquid nitrogen, or RNA can be isolated from PBMCs using His-
topaque density gradients. Total RNA, including miRNA, can be isolated simultane-
ously from different biological sources. Plasma (300 μL) and serum isolations can be 
performed using miRNeasy Serum/Plasma kit from Qiagen. For isolation, after ho-
mogenization, from tissue biopsies (e.g., cartilage or adipose tissue), the miRNeasy 
Mini Kit from Qiagen can be used.

Many analytes, such as steroid hormones, pesticides, and a wide variety of drugs 
and their metabolites, can be measured in urine, making it a convenient specimen 
for a variety of studies. Urine collection can be performed under different conditions 
depending on the study goal: immediately upon rising in the morning, random urine 
specimens (for drug monitoring and cytology studies), fractional specimens after 
the last evening meal (to compare urine analyte levels with their concentration in 
blood), and timed urine collections (e.g., 12 and 24 h to allow comparison of excre-
tion patterns). Urine specimens should be maintained on ice or refrigerated for the 
duration of the collection. Collection vessels are generally larger than for other liquid 
specimens (from 50 to 3000 mL). Due to the non-invasive method of collection and 
metabolic composition urine is widely used in research of metabolite biomarkers and 
a wide range of diseases.38
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For microbiome investigation, fecal samples can be collected easily in a sealed 
container following simple instructions, and their processing can provide im-
portant information for classical twin analysis, such as in the studies estimating 
the heritability of gut microbiota,39 and related epidemiological and molecular 
approaches.

11.3.6 Databases for twin registers
Both administrative processes and scientific applications require database systems 
that recognize the clustered structure of data collected in twin families. Administrative 
processes may consist of importing new participants, who may or may not be related 
to existing participants, address management, documenting the participation status 
of individuals (moved, not willing to participate, ill, and deceased), and storing 
information on contacts and mailings with, for example, invitations to take part 
in particular studies, the responses to mailings and invitations, and outcomes of 
approaching nonresponders. Any system that keeps track of personal information 
needs to adhere to guidelines concerning privacy. Identifying information, such as 
name, date of birth, and address, should be stored separately from other information 
collected on participants. Often, administrative and scientific processes will 
be supported by different database systems whose requirements depend on the 
dimensionality of the data. Phenotype data from surveys will require different systems 
than imputed genotype data which may contain as many as 50 million markers per 
person. Different databases may each work with separate anonymous IDs, and keys 
to link databases should be carefully kept.

Databases that contain multiple relatives, should consider how to store informa-
tion on family relations,40,41 especially when recruitment of participants not only 
involves twins, but also other relatives and multigeneration pedigrees – for example, 
parents or offspring of twins (see Box 11.5).

Box 11.5 Twin designs
The classical twin design encompasses MZ and DZ twin pairs but there are other designs. For 
instance, twin and adoption designs can be combined when twins reared apart are accessible. More 
often, twin registers may have the opportunity to incorporate other kind of relatives (extended twin 
family designs) that can be contemplated by a register even from the very beginning. These extended 
designs and possible combinations offer additional opportunities and statistical power to challenge 
research questions, such as the possibility to disentangling genetic from shared-environmental 
influences within family relationships.14,20,85 The classical design may be enlarged around the twins 
by incorporating twins’ parents (nuclear twin family design), twins’ offspring (children-of-twins 
design), or parents, offspring, siblings, and spouses,86,87 according to available information, to finally 
incorporate all different kind of relationships that can be found within a register dataset. An example 
of such broadening of sample scope is provided by the Netherlands Twin Registry,41 which used an 
extended-twin pedigree, making use of all the relationship types available in their database (except 
teacher-student), to be able to estimate the contribution of shared household effects to neuroticism in 
the presence of non-additive genetic factors.
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11.3.7 Data analyses issues in twin studies: batch effects 
and family clustering
Phenotyping in twins has often included biomarker assessments, such as lipids 
or hormone levels, and increasingly include assessments obtained by means of 
high-throughput technologies, such as genetic variants, gene expression data, and 
epigenetic modifications. These data are important to understand the nature of genetic 
variance components as established in twin and family studies,42 and are themselves 
subject to such studies, for example, studies of the heritability of methylation and 
gene expression.43–47

Subtle differences in the processing of batches of biological samples are known 
to give rise to the batch effect. The registration of information relevant to batch 
(batch number, analyst, time, date) provides the means to correct for such effects, and 
various methods have been developed to this end.48–51 Regardless of the methods to 
correct for batch effects, there is agreement that it is beneficial to randomize samples 
evenly over batches, and that this randomization should extend to case-control status 
and familial relatedness.52,53 Furthermore, sample size per batch is an important fac-
tor: the larger the sample size per batch, the more accurate the batch correction.

Batch assignment of samples collected in family members raises the question of 
whether samples of family members should be processed together in the same batch 
or should be distributed—as far as possible—over distinct batches. We examined 
this question in two small simulation studies (for details, see Appendix). In the ideal 
situation of a balanced allocation design with relatively large batch sample sizes, 
accurate correction of batch effects is feasible, as we established in a simulation 
study (see Appendix). In the first simulation study, MZ twins were selected for con-
cordance and discordance on phenotype X, which predicted phenotype Y, where Y 
(e.g., a biomarker) was subject to batch effects. Given the ideal scenario of random 
assignment and large batch sizes, we found that allocation regime (randomized as 
pairs or as individuals) had little effect on the results of either the regression of Y on 
X, or on the twin covariance matrix of Y conditional on X. The type of correction 
(random effects or fixed effect correction for batch) had no bearing on these results.

In the second simulation study, we considered the decomposition of phenotypic 
variance into additive genetic and shared and unshared variance components (ACE 
model) using linear mixed modeling.54 The sample sizes (NMZ and NDZ) were rel-
atively small: NMZ = NDZ = 200 (400 pairs) or NMZ = NDZ = 120 (240 pairs); the 
number of batches was 15 or 25. The batch assignment was random by pair (both 
twins share a batch) or by individual. Note that randomization by individual does 
not rule out batch sharing. Conditional on batch, the ACE components were 4 (A), 
2 (C), and 4(E), and batch variance equaled 1 (i.e., 1/11 = 9.1% of the phenotypic 
variance). We conducted both one-step analyses and two-step analyses (correct for 
batch effects in step 1 and estimate variance components in step 2), and we treated 
the batch effects as fixed and random. The results suggested that in the one-step 
analyses, the estimates of the variance components were as good as those obtained in 
the standard ACE model (without batch effects). In the two-step analyses, we found 
that random assignment by individual resulted in slightly better estimates. Notably, 
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the C variance components were underestimated following random assignment by 
pairs (see Appendix).

Note that in the absence of batch effects, family clustering may still be an issue 
in statistical inference, based on the assumption that the data are independently and 
identically distributed. For instance, in genome-wide association studies (GWAS), 
family clustering violates the independence assumption. Happily, family clustering 
does not pose any statistical problems, as random effects modeling and generalized 
estimating equations can be used to either accommodate or to correct for the effects 
of family clustering, or more generally for genetic relatedness.55–57 Regardless of 
randomization scheme (or not), detailed information should be recorded on batch 
(date and time of processing), operator (technician), plate number, and position (row 
and column).

11.3.8 Retaining the twins
To retain participants in a longitudinal study, it is important to remain in contact. 
Many twin registers have set up a website providing information of the latest study 
results, news on grants obtained, PhDs awarded, and more general information on 
twin meetings and such. However, these may not be the best ways to form an actual 
connection between the twin register and participants. Most twin registers therefore 
also contact their participants in a more personal manner, either by letter or e-mail, 
sending out a regular newsletter to make the participant aware that the register is still 
seeing them as a valuable contributor. A number of twin registers also organize events 
in which twins and their family members can meet each other but also can meet 
the researchers and ask any questions they may have in person. Worth mentioning 
here is the annual gathering of twins at the Twins Day Festival in Twinsburg Ohio, 
where researchers are welcome to recruit twins for specific studies. Unfortunately, 
financial limitations generally prevent the twin registers from organizing such large 
and regular gatherings, but when meetings are organized, they are generally judged 
as very valuable.

In addition to general information, personalized information may also be given 
out to participants. When participants take part in specific projects, information on 
test scores (e.g., the results of an IQ tests or the cholesterol levels obtained in a blood 
sample) may be returned to the participants, accompanied by an explanation of the re-
sults. However, often little feedback is provided to participants related to the surveys 
completed during the longitudinal follow-up, due to the material and personnel costs 
needed for sending personalized reports to the large number of participants gener-
ally included in a twin register. However, as technology advances new ways emerge 
of providing personalized information. Participants’ portals may provide individual 
reports without needing to write and post separate reports. At the Netherlands Twin 
Register, such an effort is now well underway, with participants obtaining informa-
tion on the survey results via the MyNTR portal. As with the informed consent, it is 
important to consider the requirements of such a portal in advance. Constructing a 
participant panel even before starting the actual twin register that includes a number 
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of twins who are willing to think about the various aspects involved in providing 
feedback would be helpful in setting this up in the best way possible for twins and 
the register support staff.

11.4 Conclusion
Twin registers have a long and successful history and a brilliant future as a research 
resource. The uniqueness of twin samples, the soundness and diversity of the 
methodological approaches, and the huge amount of data accumulated during the 
last decades characterize twin registers as invaluable contributors to the advancement 
of science, including social science. Their versatility to adapt to multiple scenarios 
and their orientation to collaborative work will preserve their value in the future as 
priceless instruments for the expansion of knowledge in the complexities of human 
phenotypes.

Although the global research agenda in the coming decades is difficult to fore-
cast, twin registers can contribute to our understanding in virtually all areas related 
to human health and behavior. Population-based registers, especially when repre-
sentative of the general population, are still cohorts of enormous epidemiological 
interest. The unique characteristics of twin studies, including the ability to control 
both genetic and shared environmental background, allow for addressing questions 
that are not easily solved in any other research design. These capacities make them 
extremely useful for gene-environment transaction research or causal inference stud-
ies.58,59 Twin pairs—in particular those that are MZ—are remarkably informative in 
respect to variability of phenotypic expression, pathogenic mechanisms, epigenetics, 
and post-zygotic mutagenesis, and may serve as a model for research on genetic de-
fects.15,18,60,61 Participation of twins in co-twin, control-designed, and randomized 
controlled trials is an informative, albeit infrequently used, design.62 The use of twin 
studies has been advocated for guiding post-GWAS studies on the effects associated 
with genetic variants,63 enabling stronger tests of causal hypotheses,64 formulating 
future strategies in pharmacogenomics research,65 or refining phenotypic definitions 
and evaluating biomarkers for disease.15 Furthermore, due to their amenability to 
numerous nonclassical study designs, data based on twin registers can integrate with 
other resources to boost research in virtually every field of human research. Probably 
the best example is provided by the participation of twin biobanks in many of the 
large association studies (GWAS and EWAS) that have been published in the last 
decade.

An additional feature empowering twin registers relies on their orientation to 
collaborative work. The community of twin registers has a long history of successful 
alliances. The very nature of their origin as research resources and their scientific 
environment implies, on the one hand, the existence of matching data across differ-
ent registers and, on the other hand, the need for very large samples in order to find 
answers to some of the research questions investigators are interested in. In these cir-
cumstances, collaboration is not only practicable, but it is a must. Multiple consortia 
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and collaboration initiatives have seen the light as an answer to those needs. The 
GenomeEuTwin,73 EuroDiscoTwin,66 or the CODATwins (COllaborative project 
of Development of Anthropometrical measures in Twins)67 consortia are just a few 
examples of associative efforts, joining together data from a large number of twin 
cohorts in order to advance in the analysis of the genetic and environmental under-
pinnings of human complex phenotypes. Other initiatives, such as the International 
Network of Twin Registries68 have emerged from the International Society for Twin 
Studies, aiming to foster collaboration and serve as a platform for networking and 
establishing research relationships between twin registers and between them and the 
global scientific community.

These collaborative efforts have a parallel outcome on infrastructures related to 
the registers, such as biobanks. In the same way that registers multiply their scientific 
impact when joining efforts, the effective use of biobank resources depends on their 
accessibility. Building a centralized database for the research community allows stor-
ing of raw and processed data, reference data for case-control studies and imputation, 
and linking to clinical phenotypes, so that data can be effectively used not only by 
single research groups, but also in collaborative multicenter and consortium projects. 
For instance, the advent of the GWAS method took advantage of such multicenter 
collaborations in order to lead to the successful identification of thousands of variants 
that are robustly associated with complex disease phenotypes. The big databases per-
mit research on genetic, methylation, expression level, available protein, lipid, me-
tabolite level information, and on disease/phenotype level. In Europe, for instance, a 
range of biobanks joined in the Biobanking and BioMolecular Resources Research 
Infrastructure and national hubs (e.g., www.bbmri.nl) generated omics data by the 
same platforms and shared these combined with existing phenotype data.

Nowadays, the advancement of scientific knowledge requires such collaborations 
to gain explanatory power and optimize the invested resources. Twin registers, and 
associated biobanks, have an enormous potential that multiplies when joining efforts, 
and new or growing registers are always welcome to this endeavor. In this chapter, 
we have outlined what we feel are the main principles and recommendations for the 
establishment and management of a twin register, from its inception to its actual de-
velopment. As pointed out before, our intention has not been to enumerate a detailed 
checklist of actions, or a complete step-by-step technical guide on this process, but 
rather to highlight the main aspects that, from our perspective, need to be taken into 
account for being able to make the difference between an isolated initiative and a 
successful long-lasting scientific resource.

Appendix
Processing biological material in batches may give rise to batch effects, that is, 
intrabatch correlation greater than zero. A question that is specific to the twin design 
(or any other design with naturally clustered observations) concerns the manner of 
allocation of twins to batches. One may allocate randomly by individual twin, or 
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randomly by twin pair. The latter implies that the twin pairs share the batch, the 
former does not rule out batch sharing. The following are the results of simulation 
studies carried out to answer this question in three situations.

How to allocate twins to batch in assay of metabolites in an extremely discor-
dant and concordant (EDAC) twin design?

Discordant and concordant twin pairs are selected on the basis of phenotypic 
scores, for example aggression scores, for a biomarker study. Assays on the twins’ 
urine samples are done to measure metabolites. The aim is to determine the asso-
ciation between metabolite levels and aggression. The metabolites are determined 
on plates (i.e., in batches). The present question concerns the allocation of twins to 
batch, given that plate is a source of systematic variation:

1. assign twin pairs randomly to batches
2. assign twin members (individuals) randomly to batches.

An additional question, specific to the EDAC design, is the choice of the inde-
pendent variable. As the selection is on aggression scores it is statistically expedient 
to regress metabolite (predictor) on aggression (dependent). Selection on the predic-
tor does not affect the regression, and if the selection is based on an EDAC scheme, 
the selection results in little loss of power. Alternatively, one may choose to regress 
metabolite on the binary aggression scores (e.g., 0=low, 1=high). Regression on the 
continuous score is expected to confer greater power.

We make the following assumptions concerning the analysis. We assume that 
the twin data are to be analyzed in a single statistical model, which will include the 
discordant and concordant twins. With respect to this model, in testing the associa-
tion of metabolite and aggression, we have to accommodate 1) the inherent two-level 
structure (family clustering of twins in twin pairs), and 2) the batch effects. We con-
sider two models:

1. Linear mixed model, in which effect of batch is accommodated by means of a 
random effect (variance component).

2. Fixed regression model with metabolite corrected for batch in one or two step 
procedure. Two step procedure: regress metabolite on plate first, use residuals 
in regression on predictor. One step procedure: regress metabolite on plate and 
on predictor at the same time.

The association between metabolite and aggression is accommodated by means 
of a fixed effect, that is, regression of metabolite on binary (0/1) or continuous ag-
gression score.

Simulation 1: Random effects model.
The metabolite explains 5% of the variance in aggression. The heritability of 

metabolite is 0.6, the heritability of the residual of aggression is 0.5. The number 
of batches is 70, the number of twin pairs is 600. The true phenotypic variances 
of metabolite and aggression are both set to equal 1 and the variance is .25. All 
variables have zero mean. So, the metabolite variance is 1.25. The number of rep-
lications is 50.
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Allocation regime (pairs vs individuals) has no effect on the estimate of the 
parameter of interest. We note that, as expected, regression on continuous predic-
tors confers more power than regression on binary predictor (0/1). The variance 
components (additive genetic, environment, and batch) appear to be slightly down-
wards biased in the allocation by pair, but accurate in the allocation by individual 
condition.

Simulation 2: Fixed batch effects in two steps or one step.
It may be expedient to carry out analyses in two steps, that is, first correct for 

batch effects, and second carry out the analysis of actual interest. We compared one 
and two step analyses in simulation 2. We used linear mixed modeling in simulation 
1 (estimating the twin covariance conditional on predictor and batch). Here we use 
GEE (generalized estimating equations), that is, we correct the standard errors after 
the analyses using a sandwich correction.

One-step: using GEE regress metabolite on predictor and batch simultaneously.
Two-steps: first correct metabolite for batch effect and then use GEE to analyze 

the residuals.
Conclusions are the same as those based on Simulation 1. Allocation regime 

(pairs vs. individuals) has little effect on the test of the parameter of interest. Again, 
as expected, regression of continuous predictors confers more power that regres-
sion on binary predictor (0/1). We see little differences between one and two step 
procedure.

Simulation 3: More extreme selection and fixed plate effects in two step or 
one step.

This simulation is the same as simulation 2. However here we employ a more ex-
treme selection criterion rather than a mean split (Simulations 1 and 2), the selection 
of high and low scoring twins is on the basis of the criteria >0.5 std unit or < -0.5 std 
units. As in simulation 2, we carry out one and two step analyses using GEE. Given 
the selection, we set the total sample size to 5000 (random sample) and select from 
this sample based on the criteria mentioned.

The conclusions are consistent with those of simulations 1 and 2. The allocation 
regime, that is, pairs versus individuals, has little effect on the test of the parameter of 
interest. The regression of continuous predictors confers more power that regression 
on binary predictor (0/1), as expected. There is little difference between the results of 
the one and two step procedure.

How to allocate twins to batches in assay of metabolites in the classical twin 
design?

Simulation 4: estimating genetic and non-genetic variance components in 
the twin design.

In simulation 1, we noted that batch allocation by twin pair appeared to result in a 
slight bias in the estimates of the variance components. In simulation 4, we examined 
the effect on variance components by fitting an ACE model to twin data. Here we 
treat batch as a random and as a fixed effect, and we carry out both one step and two 
step analyses. We consider relatively small sample sizes. We use linear mixed model-
ing with REML (restricted maximum likelihood) estimation.
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The results demonstrate that allocation regime has little effect in the one step 
analyses, regardless of whether this is based on random effects or fixed effects mod-
eling of batch. In the two step procedures, we note a downward bias in the estimates 
of the A (additive genetic) and C (common environment) variance components. This 
bias is greater in given the allocation by twin pairs, and greater as the number of 
batches increases.

For details on the simulations and settings in the R code see: https://www.cam-
bridge.org/core/journals/twin-research-and-human-genetics/article/establishing-
a-twin-register-an-invaluable-resource-for-behavior-genetic-epidemiological-bio-
marker-and-omics-studies/A027C91A8B3EEBE4DE6AA5ADE49B2DA7#supple
mentary-materials
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12.1 Introduction
Quantitative genetics is the discipline that studies the genetic and environmental factors 
that underlie phenotypic variation among individuals (e.g., height, cardiovascular 
disease, educational attainment, bone density, musical ability and so on) in a 
population. The archetypical study designs in quantitative genetic investigations of 
human anthropometrical, behavioral, and health traits are twin and adoption studies. 
Molecular genetics has a complementary focus on identifying genetic loci associated 
with a specific phenotype and the magnitude and mechanisms of these associations. 
Quantitative and molecular genetic methods can be combined to understand better the 
way in which genetic variation influences phenotypic distributions in a population. 
When the phenotype of interest is human behavior, either from a quantitative or 
a molecular perspective, we use the term behavioral genetics. Although behavioral 
genetic studies typically focus on the role of genetic factors, genetically informative 
designs, such as twin studies, provide a valuable tool to study the ways in which 
environmental factors influence behavior, as they take into account and correct for 
genetic factors.1

12.2 A brief note on the biometrical model
When a trait is described as heritable it implies that at least one gene has a measurable 
effect on the trait—though most often, many genes are involved. In this section, 
we briefly present some key concepts of the biometrical model which underlies the 
methods presented below. For a more detailed explanation of the biometrical model, 
we refer the reader to Neale2 and Falconer and Mackay.3 For any given continuously 
distributed trait, the value of any individual’s phenotype (P) can be described as a 
linear composite of that individual’s genotypic value (G) and the deviation from this 
value that is due the individual’s environment (E):

 P G E= +  (12.1)

https://doi.org/10.1016/B978-0-12-821514-2.00035-0
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Because the effect of the environment is characterized as a deviation, the mean 
of this effect is zero. Thus, the mean phenotypic value of a population is equal to 
the mean of the genotypic values. In theory, the phenotypic value could be obtained 
by examining the trait in a series of genetically identical individuals, as in a series 
of sufficient size where the effects of the environmental deviations would be mini-
mized. Assuming a single locus with two alleles (diallelic), A1 and A2, there are three 
possible genotypes an individual can have in the population: A1A1, A1A2 and A2A2. 
The frequencies at which the A1 and A2 allele occur in the population can be denoted 
using p and q respectively (note: p + q = 1).

In the case of the diallelic autosomal locus in Hardy-Weinberg equilibrium, 
shown in Fig. 12.1, where the two alleles are denoted A1 and A2, the genotypic values 
of the two homozygotes A1A1 and A2A2 are given by –a and +a respectively. The 
mean of our phenotype for the entire population is donated using μ. The distance be-
tween the population mean and each homozygote genotype is then donated as +a or 
–a respectively, the distance between the two homozygotes as 2a, and the deviation 
of the heterozygote from the midpoint of the two homozygotes as d. The genotypic 
value of the heterozygote A1A2, d, depends on the degree of dominance.

It is important to note that the parameter d is dependent on the mode of action 
of the locus in question. In the absence of dominance, d = 0, the two alleles act ad-
ditively, and the genotypic value of the heterozygote is equal to the mean genotypic 
values of the two heterozygotes. With partial or incomplete dominance, when A1 
is dominant over A2, d is greater than zero but less than +a, when A2 is dominant 
over A1, d is less than zero but greater than –a. In the case of complete dominance, 
the genotypic value of the heterozygote is equal to that of one of the homozygotes 
(d equals either –a or +a). In overdominance, the genotypic value of the heterozy-
gote is greater than the genotypic values of the homozygotes and cannot be explained 
by the additive effects of the alleles.3

If random mating is assumed, and the frequencies of A1 and A2 are given by p and 
q, then the frequencies of the genotypes A1A1, A1A2, and A2A2, are p2, 2pq, and q2 
respectively. The genotypic contribution to the population mean is given by the sum 
of the products of the genotypic frequencies by the genotypic values:3

 µ = + − = −( ) +ap pqd aq a p q pqd2 22 2  (12.2)

Complex traits, however, can involve the effects of thousands of genes. If we 
assume that multiple loci influence a trait and that the effects of the individual loci 

FIG. 12.1 The genotypic values of a diallelic locus.
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combine in an additive manner, the population mean is given by the sum of the con-
tributions of the individual loci:3

 µ = −( ) +∑ ∑a p q pqd2  (12.3)

We can distinguish between additive or linear and nonadditive or within local 
allelic interaction genetic effects. Additive genetic effects refer to the sum of the 
individual contributions of single genes to the phenotype, while nonadditive genetic 
effects include allelic interactions within genes (i.e., dominance) and interaction 
between multiple genes (i.e., epistasis). The contribution of a specific allele to the 
population variance is given by:3

 θ µ µ µ= −( ) + −( ) + − −( )a p d pq a q
2 2 2 2 22  (12.4)

The amount of variance explained by additive genetic effects is equal to 
2∙pq[a+(q-p)d]2 which denotes the additive variance component (VA), where p and 
q are the two allele frequencies, and a is the effect size of the allele in standard 
deviation units. That is, genetic variance is a function of the allele frequency and 
effect size. Using the example provided by Gibson (2018), a genetic variant with a 
frequency of 0.5 would contribute an average of 7 mm to a person’s height (i.e., 0.1 
standard deviation units) and accounts approximately for 0.5% of the variation in 
the population, while a genetic variant with a frequency of 0.1 adding 1 mm would 
explain 0.0037% of the variation.4 See Fig. 12.2 adapted from Gibson (2018) for a 
graphical representation of the relationship between allele frequency, effect size, and 
variance explained, for three alleles with different effect sizes.

The variance explained by dominance effects is equal to (2∙pqd)2 and denotes the 
dominance variance component (VD). In the next section, we explain how these two 
variance components, plus the variance explained by environmental sources of varia-
tion, can be estimate using data obtained from families.

12.3 Classical twin study
From a quantitative genetics approach, the variance in a phenotype can be described 
as a function of both an individual’s genotype and their environment. That is, 
phenotypic variance (VP) is the result of two sources of variance: genetic (VG) and 
environmental (VE).

 V V VP G E= +  (12.6)

Genetic variance can be further decomposed into additive genetic variance (VA) 
and nonadditive genetic variance (VD).5 Additive genetic variance is the sum of all the 
effects of independent genes on the phenotype. Nonadditive genetic variance results 
from gene interactions, either between the alleles of the same gene (i.e., dominance), 
or between the alleles of different genes (epistasis). In addition, environmental vari-
ance can be decomposed into shared environmental variance (VC; i.e., common/family 
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environment) and individual or unique environmental variance (VE; i.e., idiosyncratic 
experiences and measurement error). In the absence of gene–environment correla-
tions or interactions, phenotypic variance can be expressed as follows:

 V V V V VP A D C E= + + +  (12.7)

A key concept in quantitative genetics is that of heritability. The term “heritabil-
ity” (of a given trait) refers to the proportion of the variation we observe in a popula-
tion that can be explained by genetic variation. Conversely, environmentality refers to 
the proportion of observed differences that can be explained by environmental sourc-
es. Broad-sense heritability (H2) is defined as the proportion of variance explained by 
the sum of VA and VD (i.e., the sum divided by VP), while narrow sense heritability 
(h2) is equal to the proportion of VP explained by VA. Importantly, both heritability 
and environmentality estimates are specific to the specific sample under study.

The classical twin design (CTD) is the most common research tool to investigate 
the relative contribution of genetic and environmental factors to phenotypic variation 
in humans. When phenotypic data are available for identical or monozygotic (MZ) 
and nonidentical or dizygotic (DZ) twin pairs who have been raised together, the 

FIG. 12.2 Curve shows percentage of variance explained by three different alleles, all with 
the specified minor allele frequency, and each one additively contributed (a) 0.005, 0.05, 
and 0.1 of a standard deviation to the population mean, respectively.
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total variance of the trait can be decomposed into variance due to genetic and envi-
ronmental factors. These different variance components may be estimated using twin 
data because MZ twins share 100% of their segregating genes, given they originate 
from the same fertilized egg, while DZ twins share on average 50% of their segre-
gating genes.6 In contemporary studies, zygosity is usually determined using geno-
typing; however, standardized questionnaires may also be used.7 The reason why 
models comparing the similarity of MZ and DZ twins is such a useful tool is because 
DZ twins are a nearly perfect control group for MZ twins: while it is possible to 
compare MZ twins to other relatives, only DZ twins are perfectly age matched, share 
prenatal conditions, and experience similar environmental factors due to being raised 
within the same family, in the same period of time, under the same socio-economic 
circumstances. These models assume that DZ twins, although genetically different, 
share the same intra-familiar influences that influence the trait being studied in the 
same way the MZ twins do. This is known as the equal environment assumption (see 
section 12.5.1). Therefore, the covariance between MZ co-twins (CovMZ) is due to 
both genetic and common environmental influences (note that by definition VE is 
uncorrelated across co-twins)5:

 Cov V V VMZ A D C= + +  (12.8)

While the covariance of DZ co-twins (CovDZ) reflects that, on average, DZ twins 
share only half of their segregating genes and therefore a ¼ of the variation due to the 
combination of two alleles (i.e., dominance or additive-by-additive epistasis). The 
expectation for the covariance within DZ pairs is:

 Cov V V VDZ A D C= + +1

2

1

4
 (12.9)

Broadly speaking, greater phenotypic resemblance or correlation in MZ twin 
pairs (rMZ) compared with DZ twin pairs (rDZ) is consistent with the influence of 
genetic factors. Assuming that the environment has a similar effect on both MZ and 
DZ twin pairs (i.e., the equal environment assumption), if the within-pair correla-
tion for DZ pairs is greater than half the MZ correlation, this suggests the influence 
of shared/family environmental factors. The contributions of unique experiences or 
measurement error act to reduce the similarity of MZ and DZ twins.8

Building upon this, when the association between two variables is analyzed, the 
proportion of covariance of the traits explained by genetic and environmental fac-
tors can be similarly estimated. For example, bivariate genetic models can estimate 
the extent to which genetic or environmental effects on one measure correlate with 
these effects on another measure. That is, these models estimate the degree to which 
the same genes or environmental factors contribute to the observed phenotypic cor-
relation between two variables: a genetic correlation (rG) of 1.0 indicates that the 
same genes influence the two variables, although their effects can differ, whereas 
rG = 0 indicates that entirely different genes influence the two traits. The same logic 
applies to environmental correlations (rC and rE). In cases when no specific causal 
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order between variables is hypothesized, a correlated factors model (that does not 
assume ordering of the variables) is estimated.9 However, decomposing the covari-
ance between any two phenotypes only makes sense when: (1) cross-twin cross-trait 
for MZ twins is significantly different from zero, and (2) the cross-twin-cross-trait 
correlation for DZ twins is not greater than for MZ twins. These two restrictions 
ensure that there is a meaningful covariance to decompose and that the constructs 
are influenced by genetic or family factors to some extent, which is an underlying 
assumption of the classical twin design.

Unfortunately, it is not possible to estimate VC and VD simultaneously in a clas-
sical twin model, where only MZ and DZ twin pairs are included. In classical twin 
studies, the effects of dominant genetic and shared environmental influences are con-
founded, so that when using data from twins raised together, either VD or VC may be 
estimated.10 Dominant genetic effects are suggested when the correlation between 
DZ twins is less than half of the MZ twin correlation and therefore VD is estimated. 
Conversely, when the DZ co-twin correlation exceeds half the MZ correlation, a 
model including a common environmental effect is generally fitted to the data. The 
decision to model either VC or VD is usually based on the pattern of MZ and DZ cor-
relations: VC is estimated when rDZ is higher than half the rMZ, and VD is estimated if 
rDZ is less than half of rMZ.8,10 In an additive model, the genetic effect “is equal to the 
sum of the average effects of the genes [an individual] carries, the summation being 
made over the pair of alleles at each locus and over all loci” [3; p. 115]. An additive 
genetic model hypothesizes that correlation of DZ co-twins is predicted to be half 
the MZ co-twin correlation. Nonadditive genetic effects act to further increase the 
discrepancy between MZ and DZ co-twin correlations. Nonadditive genetic effects 
include dominant effects, which result from interactions between alleles within a sin-
gle locus, and epistasis, which results from interactions between alleles at different 
loci. Dominant genetic effects reduce the DZ co-twin correlation to approximately 
a quarter of that observed in MZ twins, and the DZ correlation reduces even further 
in the presence of epistasis.3 The classical twin design cannot estimate VC and VD 
simultaneously, thus for a model which includes shared environmental effects (i.e., 
ACE model), and fixes nonadditive genetic effects to zero the decomposition of the 
total variance becomes:

 V V V VP A C E= + +  (12.10)

It should be noted that the same covariance structurea can result from differ-
ent combinations of environmental factors and assortative mating (i.e., the tendency 
for individuals to choose partners who are more similar or dissimilar to themselves 
based on phenotypic features more than we would expect by chance), as well as 

a A specific pattern in the MZ twin and DZ twin covariance matrices. A covariance matrix is a sym-
metric square matrix that stores the covariance between each pair of variables under analysis. Its main 
diagonal contains variances (i.e., the covariance of each variable with itself).
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unknown ratios of additive and nonadditive sources of genetic variation. This prob-
lem is known as the parameter indeterminacy problem in the CTD.11 Best strategies 
to address this include: (1) adding more indicators of each phenotype included in the 
model (i.e., multiple observations, different scales or instruments, etc.); (2) using 
multivariate models that include multiple phenotypes that are significantly corre-
lated; (3) including information from other relatives (see Extension of the Classical 
Twin Model section); and (4) representing the parameter indeterminacy using the 
appropriate graphs and confidence intervals. For more information, we recommend 
accessing the materials made freely available by the International Statistical Genetics 
Workshop.12

12.4 Methodological assumptions
The CTD is based upon two main assumptions: (1) MZ and DZ twins’ environments 
with respect to the trait of interest are equally correlated, and (2) twins are 
representative of the general population with respect to the traits under study. Two 
further presuppositions are often made to simplify twin modeling: (3) there is no 
assortative mating, and (4) the environmental and genetic influences are independent 
of one another. When these assumptions are violated, the estimates of genetic and 
environment effects may be biased. Next, we will discuss the first three assumptions. 
The fourth assumption, that is, that environmental and genetic influences are 
independent, will be covered in the section Gene–environment correlation vs 
interaction.

12.4.1 The equal environments assumption
The first assumption is known as the equal environment assumption (EEA) and has 
been the focus of much debate and research for many decades. The EEA implies that 
MZ and DZ twins experience the same sources of environmental variation, that is, 
environmental sources relevant to the trait under study are equally correlated in MZ 
and DZ pairs, and twins do not experience different treatment based on their zygosity, 
or degree of genetic relatedness, with respect to the trait of interest. Violation of 
this assumption could lead to inflated estimates of heritability, due to unmeasured 
sources of additional similarity between MZ twins (e.g., assigning them to the same 
school classroom, greater degree of sharing the same extra-curricular activities, 
etc.). Although it has been shown that MZ twins are treated more similarly than DZ 
twins, it is not clear whether increased environmental similarity results in increased 
phenotypic similarity.13 In addition, inequality of environments would only result 
in bias if the environmental factors that differ between the MZ and DZ pairs affect 
the trait of interest.14 The equal environment assumption has repeatedly been tested 
and shown to hold in most cases.15,16 Additionally, the EEA assumption could also 
be violated if, despite their genetic similarity, members of MZ pairs experienced 
different environments, for example intra-uterine differences in growth due to 
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competition for resources during pregnancy, which would lead to an underestimation 
of the heritability.

12.4.2 The representativeness assumption
Although this assumption is key for any study, for some phenotypes there might 
exist more skepticism regarding the ability to generalize results from twin studies 
to singletons and nontwins. The main approach to assess representativeness of twin 
samples has been to compare the twin sample to a nontwin population of reference, 
either by evaluating the differences in fetal development between twin and nontwins 
for the phenotype under study, or by comparing the prevalence, means, or variances 
of the phenotype in the twin sample with those of the population of reference (e.g., 
national surveys). Extending the twin design to include sibling data is a very useful 
method of assessing the generalizability of results from twin studies to singleton 
populations.17 For example, comparing the prevalence of a trait in twins with that of 
their non-twin siblings allows one to examine firstly whether the experience of being 
a twin (including the sharing of limited space and resources and the differences in 
the birth process) is associated with an increased predisposition towards the trait in 
twins. Similarly, comparing the DZ co-twin correlation with twin-sibling correlations 
allows an examination of the role of pre- or perinatal interaction between the twins 
that might influence the trait. One of the advantages of comparing twins with their 
nontwin siblings is that by using siblings as the control group we can, at least in part, 
control for variance in maternal size (i.e. intrauterine size and body shape which 
may influence the length of gestation and ease of delivery) and the effects of genetic 
transmission (as both DZ twins and their full siblings share, on average, 50% of their 
genetic material).

12.4.3 The assumption of random mating
An assumption often used in applying the CTD is that there is no assortative mating. 
This is the basis upon which the degree of genetic sharing between DZ twins is 
derived: we assume that DZ twins share, on average, 50% of their genetic make-up 
if parents choose their partners randomly for the trait of interest.18 However, in the 
presence of assortative mating, there is an increased chance of inheriting the same 
genetic variants from both parents, thus inflating the estimates of the proportion of 
variance due to VA. Two well-known examples of assortative mating in humans are 
height and educational attainment where individuals tend to choose partners who 
are similar to themselves on these traits.19 If assortative mating does occur then 
this would affect the covariance structure the event that individuals chose their 
partners based on heritable phenotypes, the DZ co-twin correlation for the trait on 
which parents are assorting, and on traits that are genetically correlated with this 
trait, would increase, which would result in spuriously increased estimates of shared 
environmental factors (VC) and reduced estimates of heritability. Extending the 
twin design to include parental data allow for a test of the assumption of random or 
nonassortative mating.1
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12.5 Use of structural equation modeling in twin analysis
Structural equation modeling (SEM) is commonly used in quantitative genetics to 
estimate the variance that is explained by each of the latent components VA, VC, VD, 
and VE. While originally SEM models were fitted to covariance matrices, currently it 
is common to fit these models to raw data. With the SEM approach one can take into 
account covariates (e.g., correcting the phenotype for age, sex, or level of education 
effects) by introducing them as fixed effects, compare the fit of various submodels, 
obtain confidence intervals for the estimates, and in some cases, it allows imputation 
of missing data via full-information maximum likelihood. In its simplest form, the 
CTD is analyzed using a multigroup SEM approach, with one group corresponding 
to MZ twins and the other group to DZ twins. Following the principles described 
above (see 12.2 Classical Twin Study), we formulate different expected variance-
covariance matrices for each group (in SEM terms, the structural model):

 Σx =
+ + + ⋅ + + ⋅

⋅ + + ⋅ + + ⋅ +
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α β
α β β

 (12.11)

Where Σx is the expected variance-covariance matrix for the variables measured 
in twin 1 and twin 2; VA, VC, and VD, are the genetic and environmental variance 
components; α is a scalar equal to 1 for MZ twins and to 0.5 for DZ twins, which 
captures the sharing of additive genetic effects across twins; and β is a scalar equal 
to 0.5 for MZ twins and 0.25 for DZ twins, which captures the sharing of dominance 
or additive-by-additive epistasis effects across twins. In addition, we must include a 
measurement error, VE, term in our model. In the twin modeling space, E subsumes 
all sources of that contribute to differences between co-twins, and includes unshared 
(unique) experiences and measurement error. In SEM, it is common to represent 
relationships between variables and regression coefficients using path diagrams. A 
path diagram is a convenient way to represent structural equations because when 
used correctly, it allows one to obtain the expected variance-covariance matrix from 
the graphic representation using path tracing rules. See below Fig. 12.3A and B for 
a path diagram of a multigroup SEM for MZ and DZ twins.

The model depicted in Fig. 12.3 is parameterized in accordance with the equal 
environment assumption, stipulating that the shared environments are equally corre-
lated with respect to the trait of interest in the MZ and DZ twins. This is reflected by 
fixing the variances to be the same across twin 1 and 2, and across MZ twins and DZ 
twins. These assumptions are tested prior to model fitting using log-likelihood ratio 
tests between a model that freely estimates all variances, covariances, and means, 
and a series of nested models where each set of parameters is set to be the same 
for either the co-twins, or across zygosity. Other assumptions commonly made and 
reflected in this model are that: there is no assortative mating, environmental and ge-
netic influences are not correlated (i.e., there are no correlations between the variance 
components VA-VC, VA-VE, etc.), and the coefficients associated with the variance 
components are not moderated by any other variable, observed or latent (e.g., G × E 
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interaction). It should be noted that both the ACE and ADE models have zero degrees 
of freedom. This is common practice in twin modeling but less common in other 
areas. For this reason, the goodness of fit is evaluated by comparing the fit of nested 
submodels (i.e. an AE or CE model) against that of the saturated model (i.e. ACE) 
using the log-likelihood ratio test and, in some cases, by evaluating other indices 
of how well the ACE or ADE model accounts for the observed variance-covariance 
structure in the data.20,21 Additionally, the accuracy of the model estimates is as-
sessed using likelihood-based 95% confidence intervals.22 Test of the assumption of 

FIG. 12.3 Path diagram for MZ (A) and DZ (B) twins in a CTD where shared environment 
is modeled. Circles indicate latent variables, squares indicate observed variables, and 
triangles with a 1 inside indicate fixed-effect variables in the means model. Plots for 
models with a mean structure typically include a 1 in a triangle with the paths indicating 
the means/intercepts. Single-headed arrows indicate regression coefficients and double-
headed arrows indicate covariances. In this figure, variances and covariances of a single 
phenotype measured in MZ twins and DZ twins is decomposed in four latent variables: 
A, C, D, and E. Note that in practice C and D cannot be modeled simultaneously.
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independence between genetic and environmental influences can be conducted with 
specific models that will be presented in section Structural Equation Modeling for 
corGE and G × E interaction at the end of this chapter. For more information, we 
refer the reader to reference.12

Finally, very recently twin models have started to use the direct variance meth-
od, rather than the traditional path analysis method.23 In direct variance specifi-
cation, VA, VC, and VE, are estimated directly with no imposed boundaries and 
therefore may take negative values. Negative variance estimates are implausible 
and indicate that the model is misspecified. For example, negative estimates of VC 
are expected when rDZ are less than ½ rMZ, which implies an ADE model.23 Also, 
negative estimates of VA but positive VD are expected when rDZ is less than ¼ rMZ.11 
An alternative approach might be to collapse the two genetic variance parameters 
(VA and VD) into one (VG), thereby modeling the total genetic effect or broad-sense 
heritability. A main advantage of the GE model is that the confidence intervals for 
the total genetic influences on the variance of the traits will be much tighter than 
for either VA or VD, and this allows for more powerful tests. This is of particular 
interest when there is insufficient power to distinguish between A and D, resulting 
in nonsignificant pathways for both types of genetic influences. In addition, a GE 
model does not assume that VD is solely due to the interaction between only two 
alleles (i.e., dominance or additive-by-additive epistasis) and the genetic covaria-
tion between DZ twins is free to range between 0 and 0.5 rather than fixed to either 
0.5 (VA) or 0.25 (VD). More specifically, when we estimate a GE model, we do 
not fix the correlation between DZ twins for parameter VD to 0.25 (which implies 
VD is solely due to dominance and/or additive-by-additive epistasis). Instead, the 
degree of genetic covariation is estimated (parameter q). This new parameter can 
range from almost zero (when both VA and VD ~ 0) to ½ (when VD = 0). Therefore, 
when the ratio between DZ and MZ correlations is very low and only VD, but no 
VA is estimated, a GE model would explain the covariance pattern better than an 
ADE model. Lastly, although significant dominance genetic variance in the absence 
of additive genetic variance is theoretically possible, it is highly unlikely. Con-
sequently, behavioral geneticists do not usually fit a DE model.24 More in depth 
explanation about modeling broad-sense heritability can be found in Keller and 
Coventry,11 Boomsma, Princen,25 Do Ha, Lee,26 and Mosing, Magnusson.27 We 
refer the reader to Grasby, Verweij28 for a guide on how to conduct the preliminary 
steps of a heritability analysis in OpenMx.

12.6 Analysis of discrete traits
The methods described above were designed to analyze continuous data. However, 
there are occasions when it is not possible to measure a trait using a continuous 
metric or the data do not meet the assumptions of normality. In these instances, 
methods designed to analyze discrete traits that vary in a discontinuous way should 
be used.29
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12.6.1 Binary data
For many traits, the most common type of measurement is binary. For example, 
having a particular diagnosis or not. Sometimes, a binary variable is created by 
imposing an arbitrary cut-off to a continuous trait, such as categorizing a score from 
an aggressive behavior scales as indicative of normal vs clinical behavior. In more 
general terms, the two trait values are usually described as affected or unaffected, 
with the probability of affection being unity for an affected individual. Data for a 
sample of related pairs may summarized by the following table (Table 12.1):

Where lowercase letters indicate cell counts, uppercase letters indicate marginal 
totals, and n indicates grand total. From an epidemiological point of view, binary 
data gathered from related individuals may be described in terms of conditional prob-
ability. For example, if the data were collected from pairs of siblings the question 
becomes: what is the probability that an individual will be affected if they have an 
affected sibling? This is known as the recurrence risk. Assuming random sampling 
and that there is no effect of birth-order, the recurrence risk is estimated as the pro-
bandwise concordanceb rate (PC) and can be found using the following equation:

 PC
a

a c b
=

+ +
2

2
 (12.12)

In the literature many studies report related statistics, such as the pairwise con-
cordance rates (PWC), concordance or agreement, or phi-coefficients (binary cor-
relations):

 PWC
a

a b c

PC

PC
=

+ +
=

−2
 (12.13)

 Concordance
a d

a b c d
=

+
+ + +

 (12.14)

 Phi coefficient
ad bc

efgh
Φ( ) = −

 (12.15)

TABLE 12.1 Summary of affection status for a sample of related pairs.

Individual 1

Individual 2

Affected Unaffected Totals
Affected a b E
Unaffected c d F

Totals G H n

b Probandwise concordance rate is the percentage of pairs of twins who exhibit a particular pheno-
type. Also called concordance ratio.
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As the prior probability of a proband is equal to the prevalence of the disorder, 
it is useful to compare population risk ratios (PRRs), which compares the risk of an 
event (e.g., disease, injury, risk factor, etc.) among one group with the risk among 
another group. PRRs are given by:

 PRR
PC

prevalence
=  (12.16)

Where the prevalence is the proportion of affected individuals in the population. 
Broadly, the interpretation of the comparison of PRR in MZ and DZ twins can be 
found in Table 12.2.

When binary data from twins are available, comparison of MZ and DZ PRR, or 
tetrachoric-correlations (correlations between binary variables), can provide informa-
tion about the sources of co-twin covariation in a trait, similar to that derived for con-
tinuous traits. Specifically, when both variables are categorical, numerical integration 
can be used to estimate the expected proportion of observations in each cell of the 
multivariate contingency table and the correlation between the underlying liabilities 
is computed.29 For example, in an additive genetic model, it is hypothesized that the 
PRRDZ will be half the PRRMZ. Nonadditive genetic effects act to further increase 
the discrepancy between MZ and DZ PRR so that (PRRMZ –1) > 2 (PRRDZ –1). In 
the presence of epistasis, the PRRDZ falls even further in relation to the MZ PRR, 
PRRMZ > 4∙PRRDZ.

3 Although the PRR can provide insight into the relative impor-
tance of genetic factors, the most common approach to the estimation of genetic and 
environmental effects in categorical data uses threshold models. The threshold model 
approach was selected because of the flexibility of model specification, and the ease 
with which these approaches can be extended to the multivariate case.

12.6.2 Threshold approaches
Threshold models describe discrete traits as reflecting an underlying normal 
distribution of liability (the vulnerability, susceptibility, or predisposition) that has 
not been, or cannot be, measured precisely. Instead, liability is measured as a series 
or ordered categories, characterized by phenotypic discontinuities that occur when 

TABLE 12.2 Genetic hypothesis testing for twin studies. PRR is the popula-
tion risk ratio, which equals probandwise concordance divided by population 
prevalence, from Risch and Rao.30

Relationship Interpretation

PRRMZ > 4 PRRDZ Epistasis - must be polygenic.
PRRMZ-1 > 2(PRRDZ-1) Genetic dominance (or epistasis).
PRRMZ-1 = 2(PRRDZ-1) Additive genetic effect.
PRRMZ = PRRDZ > 1 No genetic contribution - effects of shared environment.
PRRMZ = PRRDZ = 1 No familial aggregation.
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the liability reaches a given threshold. Liability, which represents the sum of all the 
multifactorial effects, is assumed to reflect the combined effects of a large number of 
genes and environmental factors each of small effect.10

To illustrate this using an example from laterality, many different methods have 
been used to study handedness, each with its own characteristic distribution. Hand 
skill as measured by a test with low practice bias, such as the Annett peg board 
task31 yields a relatively normal distribution. A biased test, such as a box crossing 
task32 yields a bimodal distribution. The distribution of hand preference assessed for 
multiple items is J-shaped, and at its simplest level of measurement, such as self-
classification or writing hand, the distribution is ternary or binary. Yet, despite the 
lack of agreement regarding the most appropriate method of assessment, the meth-
ods described are all recognized as measures of the latent variable, handedness.33 If 
hand preference is considered as a coarse and biased measure of hand skill, and we 
assume that the distributions of handedness and unbiased hand skill are similar, it is 
not difficult to conceptualize hand preference as being an imprecise measurement of 
a continuously distributed normal variable.

For a dichotomous variable, such as hand used for writing, only one threshold is 
required to discriminate between phenotypes. As the standard deviation is the unit of 
liability, it is possible to express the position of the threshold as a z-score, so that the 
proportion of individuals in each liability class matches the proportion of individuals 
in each category of the ordinal variable.33 For example, if ten percent of a sample 
reported writing with their left hand (and left- and right-handedness were coded as 0 
and 1 respectively) then a threshold at a z-value of –1.28 would partition the distribu-
tion of liability as required. This method easily generalizes to variables with more 
than two categories by viewing successive categories in terms of their cumulative 
prevalence as shown in Fig. 12.4.

The goodness-of-fit of a liability model can be tested if the data have three or 
more categories. However, this is not possible in the binary case, as there are no 
degrees of freedom associated with the model.10 Genetic models such as the one 
described in Fig. 12.3 may be fit either to contingency tables, or tetrachoric (or poly-
choric) correlations and asymptotic covariance matrices. The thresholds may be in-
fluenced by various factors, including year of birth and sex. These factors can be esti-
mated as fixed effects in a threshold model. The correlation between liabilities can be 
estimated as a random effect, while estimating the fixed effects in the thresholds. The 
procedure is readily extended to multiple groups, to enable the testing of hypotheses 
about equality of thresholds or correlation between studies, or zygosity groups.35

A limitation of the use of ordinal data is loss of power associated with categori-
cal compared to continuous measurement.29,36 As shown in Fig. 12.5, the number 
of twin pairs required to detect the presence of additive genetic effect in traits with 
low prevalence can be prohibitive. A similar problem is observed when we wish to 
detect common environmental effects (Fig. 12.6). The addition of sibling data helps 
ameliorate this problem.17 Power also increases if the data can be modeled as more 
than two categories, but not if the addition of an extra category involves subdividing 
the smaller binary category.29
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FIG. 12.4 Univariate normal distribution with thresholds distinguishing ordered response 
categories.

Three thresholds are shown (at z-values of -1.28, 0, and 2.33) corresponding to 4 catego-
ries with the frequencies, 10%, 40%, 40%, and 1%.34

FIG. 12.5 An illustration of the effects of prevalence and true heritability on the power to 
reject the common and unique environmental (CE) model at the 0.05 level of significance 
and 80% power.

The required sample size is plotted on a logarithmic scale. Equal numbers of MZ and DZ 
pairs are assumed. Note: Sample size indicates number of pairs.
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The growing interest in using SEM for twin modeling led to the development of 
Mx, a dedicated software that catered to the needs of quantitative geneticists.35 Mx 
provided a flexible syntax that streamlined the estimation of genetic models, as well 
as facilitate global accessibility. Mx received a major upgrade when it was integrated 
into the R environment as a standalone R-package, called OpenMx.37 OpenMx al-
lows the analysis of both continuous and categorical variables as well as multigroup 
analysis. OpenMx also implements a number of estimation methods (including full 
information maximum likelihood) and allows both path analysis and matrix algebra 
styles for model specification. More importantly, the development team is constantly 
working on improving the software and they actively participate in the official Open-
Mx forum, where they reply to both technical and theoretical questions raised by the 
community.38 All the models introduced in this chapter can be estimated using any 
SEM software, however, given the historical link between the Mx community and 
behavior geneticists, most work published in the space of behavior genetics has been 
published using Mx or OpenMx.

12.7 Extension of the classical twin model
The classical twin model can be easily extended to incorporate the data from 
additional relatives. For example, to incorporate the data from additional siblings the 

FIG. 12.6 An illustration of the effects of prevalence and true common environmental vari-
ance on the power to reject the additive genetic and unique environmental (AE) model at the 
0.05 level of significance and 80% power. 

Sample size is plotted on a logarithmic scale. Equal numbers of MZ and DZ pairs are as-
sumed. Note: Sample size indicates number of pairs.
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means/threshold and covariance models are simply extended to include the additional 
information and the genetic and environmental relationships of the siblings are 
specified within the covariance structure. For example, the ACE covariance model 
for a pair of MZ twins can be easily extended to incorporate data from an extra 
sibling.

Thus:
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12.8 Gene–environment correlation vs interaction
Two phenomena further complicate the interpretation of the results from the CTD: 
gene–environment correlation (rGE) and gene–environment interaction (G × E). We 
say that rGE is influencing the trait of interest when the selection of environments 
that an individual experiences is linked to their genetic make-up.18,39 An example 
of rGE could be that someone with a higher genetic predisposition towards musical 
proficiency is also more likely to engage in music activities because they receive 
positive feedback (therefore increasing their music skills further). In contrast, G × E 
interaction pertains to specific genes responding differently to the same environment. 
An example of this might be that two people with different genetic predispositions 
towards developing emotional disorders experienced the same traumatic event, 
leading to two different probabilities of them developing such disorders. Moreover, 
G × E interaction refers to the mechanisms through which genes and environment 
co-act (not to be confused with epigenetics, which involves the modification of gene 
expression at a molecular level). One of the assumptions of the CTD is that the 
genetic and environmental components do not correlate or interact. However, gene 
by environment interaction may be common and this assumption should be tested. 
The study of gene by environmental interactions has become an important area of 
scientific enquiry in itself40,41 and in the next section, we will introduce models that 
can be used to test for the presence of rGE and G × E.

12.8.1 Genotype–environment correlation and assortative mating
Genotype–environment correlation occurs when an individual’s environment is 
influenced by either their own genotype, or that of a genetic relative.18,39 If rGE is 
positive, then the result may be an increase in the total phenotypic variance of the 
trait. Continuing with our laterality example, an example of a positive rGE would be 
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if children who have a higher genetic liability for left-handedness are more likely to 
grow up in an environment where left-handedness was encouraged through modeling 
or instruction. Alternatively, when a negative rGE exists, the total phenotypic 
variance is decreased. It is probable that traditional biases against left-handedness 
had such an effect, where individuals who might have been left-handed, and many 
individuals who were left-handed, were made to write with their right hand under 
threat of disapproval or corporal punishment. Genotypes and environment can be, 
however, correlated in different ways. One of the most extended taxonomies of rGE 
was developed by Eaves, Last42 which proposes three different types of rGE:

a. GE autocorrelation includes active rGE and evocative (or reactive) rGE. 
Active rGE refers to the situation where an individual seeks or creates 
environments related to their genetic make-up. Evocative rGE refers to the 
situation where the environment reacts in a particular way depending on the 
individual’s genetic make-up, modifying the type of context they experience. 
The cultural coercion towards right-handedness described above is an example 
of a GE autocorrelation, an environmental response evoked by an individual’s 
genotype. It is difficult to resolve the correlated effects of genotypes and 
environments. However, in this case, stratification of the sample by birth cohort 
or a regression correction for the year of birth might correct some of the bias 
due to autocorrelation.

b. Cultural transmission refers to the environmental effect of the parental 
phenotype on the offspring’s phenotype.1 The positive rGE described above are 
examples of cultural transmission, whereby the modeling or instruction from 
the parents might influence the handedness of the child. The effects of cultural 
transmission may be examined by extending the twin design to include parental 
data. Such a design also allows for a test of the assumption of random or 
nonassortative mating1 which may be based on phenotypic similarity (positive 
assortment) or dissimilarity (negative assortment).

c. Sibling interactions may be either co-operative, increasing the trait value 
of the co-twin, or competitive, decreasing the trait value in the co-twin. Co-
operation effects increase the variance and decrease the covariance of MZ 
twins in relation to DZs, while competition produces the opposite effects. For 
a binary trait, cooperation will increase the rate of affection in twins when 
compared to singletons, while competition would have the opposite effect. 
Finding significant differences between means and variance across co-twins in 
the assumptions testing step of a twin model could point towards the existence 
of sibling interactions.

Finally, all three types of rGE result in a nonrandom association of genotypes 
across all possible environments under study. In particular, unmodeled rGE leads to 
the overestimation of shared-environmental factors, when rGE occurs between ad-
ditive genetic factors and shared-environmental factors, and to the overestimation of 
additive genetic factors, when the rGE occurs between additive genetic factors and 
unique environmental factors.43
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12.8.2 Gene–environment interaction
In terms of G × E interaction, there are two main theories used to predict potential 
consequences of G × E interactions:

•	 The	diathesis-stress model predicts that, in the presence of an environmental 
stressor associated with the development of a specific problem, individuals with 
higher genetic predisposition for that problem will be more likely to develop 
it than those with a lower genetic risk.44 Therefore, heritability estimates 
will be higher in a high-risk environment (i.e., with a higher prevalence of 
environmental stressors). Vice versa, the presence of protective factors in an 
environment will mask the influence of genetic factors in the development of 
the condition, leading to lower heritability estimates.

•	 The	bioecological model predicts that enriched environments will amplify pre-
existent genetic differences in a population, by means of what Bronfenbrenner 
and Ceci45 called “proximal processes,” which are interactions between the 
individual and their immediate social context (e.g., family, teachers, health 
professionals, etc.). Such interactions can increase competency or buffer 
dysfunction.

12.9 Structural equation modeling for rGE and G × E 
interaction
G × E interaction is closely link to the statistical concept of heteroscedasticity, 
that is, the case when the variability of a specific trait or measure is unequal 
across the range of values of a second variable. In the same way, in the face of 
G × E interaction, we expect to observe differences in variance between groups of 
individuals that have been exposed or not to risk or protective factors, or meaningful 
proximal processes. This second variable, across which values we find differences 
in the relative contribution of genetic and environmental factors to the phenotypic 
variation in our trait of interest, is commonly known as moderator. When we want to 
evaluate heteroscedasticity across populations generated by a binary moderator (e.g., 
exposed/unexposed, rural/urban, etc.) it is common to use a multigroup approach.1 
That is, we evaluate the invariance of the parameters associated with genetic and 
environmental variance components across the two groups created by the moderator 
by equating the coefficients associated with each variance components to be the 
same in both groups and then evaluating change in model fit. For example, we could 
be interested in assessing if VA, VC, and VE can be assumed to be equal in men and 
women for a particular phenotype, such as smoker status. We first estimate these 
parameters freely for each gender and then proceed to equate and test for changes 
in goodness of fit in our model. When we only have MZ and DZ twin pairs, and 
both members of the pair are concordant in the moderator (gender in this example), 
we can evaluate if there are quantitative differences in the relative contribution 
of genetic and environmental factors to individual differences in the phenotype 
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(e.g., smoking) for each level of the moderator. However, if we also have available 
data from discordant twin pairs in the moderator (e.g., opposite-sex dizygotic twins, 
or one twin is exposed to a protective intervention but not the other) we can also 
evaluate if there are qualitative differences in the variance components. That is, if 
new sources of genetic or environmental variation appear in one of the levels of the 
moderator. The most common example of this approach are sex-limitation models1 
which refers to the phenomenon in which the expression of some genes, despite their 
presence in both sexes, is limited to only one sex.46

12.9.1 Analysis of sex differences
Effects such as sex limitation or sex differences in gene or environmental expression, 
may also be incorporated in twin modeling. If data from both MZ and DZ males and 
females, and opposite-sex dizygotic (OSDZ) twins, are collected, it is possible to test 
several hypotheses about sex differences (or sex-limitation effects) in the proportion 
of phenotypic variance explained by genetic and environmental factors.47 Sex 
limitation or sex moderation effects may be quantitative or qualitative in nature.10,47 
The quantitative effects model tests the hypothesis that while the same genes are 
expressed in both males and females, the magnitude of these effects across the loci 
involved differs between males and females. In this case, quantitative sex differences 
can be modeled by specifying the sets of variance components (VA, VC or VD, and 
VE) separately for male and females. However, qualitative sex-limitation models 
require having data collected from OSDZ and can be used to detect differences in the 
magnitude of genetic and environmental influences between males and females, and 
to determine whether the same sets of genetic and environmental factors influence 
a trait in males and females. When qualitative sex differences are present, the 
correlation of OSDZ twins is expected to be significantly lower than that of same-sex 
DZ twins. A higher same-sex DZ than OSDZ correlation would suggest that there is 
not complete overlap in the sets of genes or shared environmental factors that explain 
trait variation in males and females.48 These sex-limitation hypotheses can be tested 
by comparing the fit of different SEM. Here we will discuss three models (for a more 
detailed description of these models, see Neale and Maes1):

a. Full Sex-Limitation model: this model specifies a unique variance component 
associated with either sex-specific additive genetic effects, VA′j, or dominance 
genetic effects, VA′j, in the ADE model, or the common environment effect, 
VC′j, in the ACE model, is freely estimated, as are different sets of parameters 
(VA, VC or VD and VE) for males and females. Both sex-specific effects and 
quantitative sex differences are modeled. A depiction of this model is presented 
in Fig. 12.7.

Due to space limitations, only the OSDZ twin group is presented; however, it 
contains all the idiosyncratic parameters of the sex-limitation models family. Same-
sex twins’ models are identical, with the exception that members of a pair share the 
same set of sex-specific parameters (e.g., VAm, VCm or VDm and VEm).
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b. Common Effects Sex-Limitation model: this model fixes the sex-specific 
variance component to zero, but allows the for sex differences in the parameters 
that estimate the genetic and environmental variance components. In this 
model, no sex-specific effects are present, only quantitative sex differences are 
modeled. The fit of this model is tested against that of the full sex limitation 
model to determine the importance of sex-specific effects.

c. Scalar Sex-Limitation model: this model specifies that the proportions of 
variance accounted for by VA, VC, VD and VE are the same for males and 
females, but sex differences in the total variance are allowed. This model is 
nested in the common effects sex limitation model, and tests of the comparative 
fits of these two models can be conducted to determine which model best 
explains the nature of the sex differences.

12.9.2 G × E with continuous moderators
Due to its burden on sample size, the multigroup approach presented above (section 
12.8.1) is only feasible for moderators with only a few levels of response (i.e., because 
we need to split the sample for each level of the moderator). In addition, combining 
a multigroup approach with the variance component approach of the CTD means 

FIG. 12.7 Path diagram of a full sex-limitation ACE model for one phenotype, measured in 
pairs of twins (T1 and T2) moderated by a variable M, measured for each twin (M1 and M2). 

A sex-specific variance component for shared environment is represented by VC′f. The 
weights of the latent variables (A, D, and E) on the phenotype can differ by sex as indicat-
ed by VAf, VAm, VCf, VCm, VEf, and VEm. In addition, two coefficients are specified among 
the opposite-sex twins, for modeling the covariation between the genetic (VAfm) and shared 
environmental (VCfm) factors.
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that it is not possible to evaluate if there are differences in variance across levels 
of the moderator (i.e., more or less variation for certain values of the moderator), 
nor can we take into account ordering in the values of the moderator.43,49 The use 
of Full Information Maximum Likelihood, and its capacity to model individual 
likelihoods, accounts for this. It allows for the introduction of covariates measured at 
an individual level, which makes it possible to correct for the effect of this covariate 
on the phenotype, and also can be used to modify the weight of the coefficients 
associated with the variance components as a function of the levels of the moderator 
(Fig. 12.8). By including covariates (also known as definition variables) in the model, 
we can correct for the effect of extraneous variables on the phenotype, meaning that 
we will model the residuals obtained from the regression in our subsequent SEM. 
Please note that this is equivalent to directly introducing the residuals obtained from 
generalized estimating equations, or a mixed-effects model, where clustering of 
observations is accounted for.

The use of definition variables to model G × E interactions was proposed by 
Purcell.43 His work included examples on how to apply this method to binary and 
continuous moderators that could have different mathematical relationships with the 
phenotype (i.e., linear, quadratic, etc.). Since then, his model has been extensively 
applied to twin data and several revisions of his approach have been published, in-
cluding alternative models for testing gene–environment interaction in the presence 
of gene–environment correlation50 the extension of the univariate moderation model 
to prevent an elevation of false positive moderator effects when the moderator is also 
correlated between twins49 as well as the re-parameterization of these models for use 
with ordinal and binary outcome data.51

FIG. 12.8 Path diagram for an ACE model where each variance component and the 
phenotypic mean is modified by a moderator M. 

It represents a different relationship between the moderator and each variance component 
(βx, βy, and βz) and the mean (βm) across zygosity (j), twin order (i), and participant 
number (k).
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12.10 Final remarks
Twin modeling is experiencing a resurgence in the genome-wide association 
(GWAS) era: the possibility of introducing polygenic scores into twin models now 
allows the covariance between additive genetic and common environmental factors 
to be estimated.52 The same multivariate genetic models that were applied to twin 
data are now applied to GWAS summary statistics via genomic structural equation 
modeling.53 Twin modeling is also used to screen phenotypes for heritability 
prior to GWAS studies. Contemporary analysts will likely find that training in 
structural equation modeling, analysis of genetically informative datasets, and 
an understanding of the biometrical model and its psychometric development, 
will significantly increase their insight into future findings in the field of human 
genetics. Furthermore, heritability and environmental estimates are, by definition, 
specific to the population in which they are obtained. Understanding how genetic and 
environmental factors influence human traits will require continuing investigations 
across time and, especially, across populations, as most studies have been conducted 
in western, educated, industrialized, rich, and democratic populations and more 
information is needed from other populations. Finally, in the present chapter, we 
introduced the basic concepts of twin analysis and provided some references for 
the reader to explore further. There are many topics we have not included in this 
chapter: direction of causation and comorbidity models, developmental, longitudinal 
and survival analysis of twin data, use of genetic scores in twin models, or power 
calculation in classical twin design. Some of these topics are covered elsewhere in 
this book. For the rest, we refer the reader to the International Statistical Genetics 
Workshop website12 and the OpenMx forum.38
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Quantitative geneticists and social scientists declare time and again that the “nature-
nurture debate” is over1, citing years of genetically informed (twin) studies showing 
that nature and nurture account for variability in traits and disease.2 Indeed, twin studies 
in the 21st century largely focus on how genes and environments correlate and interact 
to account for individual differences in traits and diseases.3–5 Yet, when undergraduate 
students are asked, “Which matters more for intelligence, empathy, depressive 
symptomatology, relationships problems, and so forth? Nature? Or nurture?” two 
factions invariably form: the hereditarians and the environmentalists. To be sure, at the 
time of this writing—months into the COVID-19 pandemic—the science section of a 
reputable media outlet addressed genetic versus environmental causes of the mortality 
risk associated with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).6 
Many people, thus, still care a great deal about the relative importance of genes versus 
environments for understanding trait outcomes and disease risk.

As a field of study, behavioral genetics clarified that all human complex traits 
are the product of people’s genetic composition and their environmental exposure. 
Termed The Three Law of Behavior Genetics, Turkheimer2 summarizes the major 
themes of behavioral genetics. The first two laws state that all traits are heritable (Law 
1) whereas effects of environments two people share (i.e., rearing environments, like 
being raised in the same household) are smaller than effects of genotype (Law 2). Fi-
nally, unique life experiences, something quantitative geneticists term the “nonshared 
environment,” account for equal if not more variance than genotype (Law 3). Although 
we do not go so far as to say that these observations are “laws,” the reliability of these 
three findings is so well accepted that many consider them beyond scientific criticism.

That genotype and environment shape human complex traits and diseases come 
as no surprise; phenotypes (e.g., cognitive ability, height, depression) are the prod-
uct of the interaction between genotype and environmental influences. Quantitative 
genetic studies provide information about the sources of variation in populations of 
interest. The question, thus, is not which matters more, genotype or environment, 
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but rather how do genotype and environments come together to produce observable 
differences in traits and diseases?7,8 Our goal in this chapter is to first present an 
overview of the genetic and environmental mechanisms that cause differences in 
human complex traits and diseases. In this section, we focus on findings that demon-
strate that all traits are heritable, whether and how heritability of traits and diseases 
differ between men and women, and whether the same genetic factors account for 
covariation between two traits (e.g., intelligence and achievement) or two diseases 
(e.g., autism and ADHD). We then present findings of how environmental factors—
both measured and unmeasured—augment, moderate, and correlate with genotype 
to maximize (or minimize) genetic expression of traits and diseases. Here, we focus 
on the three most common domains of study in the quantitative genetics literature: 
cognitive ability, personality, and psychopathology. Finally, we cover the ways in 
which behavior genetics will be important in future research for clarifying the role 
of genotype and environment in understanding the etiology of traits and diseases.

13.1 All traits are heritable
It is widely accepted that all human complex traits are heritable. So, what do behavioral 
geneticists mean when they report that traits and diseases are “heritable”? The general 
meaning of heritability refers to the proportion of variance in a phenotype attributed 
to genetic differences in the population in a particular context. Heritability can be 
a confusing concept, as there is not just one measure of heritability even though all 
of them provide estimates of the proportion of observed variance in a phenotype 
attributed to genetic variance in the population. Broad sense heritability refers to the 
ratio of total genetic variance to phenotypic variance whereas narrow sense heritability 
refers to the ratio of additive genetic variance to phenotypic variance. Simply put, 
heritability refers to how much of the variation in a trait under study is explained by 
genetic differences in the people being studied. Twin studies most often report narrow 
sense heritability in which genetic influences consist of additive genetic factors only 
(i.e., sum of the mean effects of alleles). Less often reported, broad-sense heritability 
contains the total effect of genotype that includes additive genetic and nonadditive 
genetic (dominance, i.e., interactions between alleles within a specific locus, and 
epistasis, which refers to interactions between alleles at different loci) effects.

13.2 Landmark study in twin research: MATCH
In 2015, a landmark meta-analytic study on twin studies and heritability estimates 
was published: Meta-Analysis of Twin Correlations and Heritability (MATCH).9 
With over 2,700 publications of twin studies on human traits and disease, virtually 
all twin studies from the past 50 years, MATCH included data from millions of twin 
pairs to provide an overview of twin correlations and heritability estimates, across 
age and sex, of each human trait that had been investigated so far. When analyzing 
all traits together, the reported relative contribution of genetic and environmental 
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influences was more or less “fifty-fifty”: genes were just as important as environments. 
However, heritability estimates differed across specific traits, suggesting that the 
variance attributed to genotype depends on the trait under scrutiny. All results of 
MATCH can be visualized in the webtool http://match.ctglab.nl/ (Fig. 13.1).

The highest heritability estimates were for opthalmological phenotypes [71%] 
(i.e., characteristics of the eye), whereas one of the lowest heritability estimates was 
noted for social values and social interactions [∼25%]. For some traits, heritability 
varied across age, that is, the degree to which genetic differences explained trait 
variation varied depending on the age of participants. For example, cognitive abilities 
show high heritability estimates in adulthood, with almost no variation explained by 
environmental differences between people, while in childhood heritability estimates 
are lower—about equal to environmental variance. Conversely, age effects on herita-
bility estimates have been observed for neurodevelopmental disorders such as Atten-
tion Deficit/Hyperactivity Disorder (ADHD) and autism spectrum disorder (ASD), 
in which heritability estimates in childhood range between 60% and 80% while es-
timates in adulthood are much lower (∼35%). Rater effects, that is, the switch from 
parental reports of childhood cognition to self-reports in adolescence and adulthood, 
may partly explain the difference in heritability estimates. The pattern of twin corre-
lations based on self-reports of ADHD and ASD typically show lower monozygotic 
and dizygotic twin correlations, resulting in lower heritability estimates. Interest-
ingly, a study using a more optimal design, namely that examined the shared view of 
multiple informants longitudinally, reported that ADHD symptoms over time were 
highly heritable throughout development.10

13.3 Sex differences in heritability
Sex differences in the etiology of traits are important to investigate as these differences 
may have implications for gene-finding studies and could also imply that differential 
strategies may be important for intervention and treatment approaches in males and 
females. A common example in the psychiatric literature is schizophrenia (SCZ), 

FIG. 13.1 Overview of twin correlations for 28 trait domains (based on 17,804 included 
traits) as investigated in a meta-analysis of 50 years of twins studies.9 

Monozygotic twin correlations (rMZ) were for all domains higher than dizygotic twin correla-
tions (rDZ), in male (M), female (F), same sex (SS), and opposite sex (OS) pairs, suggesting 
all domains are heritable to some extent. Of note, the majority of studies were conducted in 
western countries whereas twin data of the African, South American, and Asian continent 
were mostly absent.

http://match.ctglab.nl/
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whereby symptoms, drug-dosage, side effects, treatment response, and compliance 
differ between men and women.11 Also, within the health, medical, social, and 
psychological sciences, sex differences are well known, and, therefore, studies 
investigating the relative contribution of genetic or environmental influences to trait 
variation are highly relevant. The rich dataset of the Netherlands Twin Register was 
utilized to investigate sex differences in heritability across a variety of behavioral, 
psychiatric and health related traits.12 Significant sex differences in heritability 
were found for only 4% of the traits studied. In 2017, a systematic analysis of sex 
differences in the MATCH database was conducted based on a sample of more than 
2,000 twin pairs for which sufficient data were available.13 Among all the investigated 
traits (N = 2,608), only 1% demonstrated sex differences in heritability estimates; 
and when traits were clustered into trait categories (N = 50), none showed significant 
sex differences in the magnitude of genetic or environmental influences. The 
investigation also analyzed whether twin correlations within opposite-sex twin pairs 
(i.e., male-female pair) differed from same-sex DZ twin pairs, as that might indicate 
sex-specific genetic variance contributing to trait variance. Of 1,922 traits for which 
these particular data were available, only 3% of the twin correlations of opposite-sex 
twin pairs differed (i.e., were lower) compared to same-sex DZ twin pairs. However, 
for 25% of the 50 trait categories sex-specific genetic factors were indicated, and 
these included categories such as Eating Disorders, Specific Personality Disorders, 
Weight Maintenance Functions, Height, and Disorders of Puberty. In line with the 
results on weight maintenance functions and height, a large study on body mass 
index (BMI) in 37,000 twin pairs from eight countries showed convincing evidence 
for sex-specific genetic factors for BMI variance.14 In sum, the paucity of studies so 
far suggests that sex-specific genetic variance on traits and diseases are found in traits 
in which biological differences generally are expected in the first place, such as sex-
specific genetic factors that contribute to variation in disorders of puberty, and BMI.

13.4 Are twin designs the holy grail in heritability studies?
Although twin studies have been the “workhorses” of heritability studies for the last 
century, some criticism has arisen as well. For instance, twins differ in their prenatal 
circumstances (i.e., distribution of nutrition), are more often born preterm, and hence, 
often have lower birth weights compared to singletons. Thus, are results based on twin 
studies generalizable to the general population? Some believe so,1 but the leap from 
“we observed it in twins” to “we will observe the same in the general population” 
rests on a set of assumptions some believe might be too strong.15 Although the 
assumption that dizygotic and full-siblings share half as much of their genotype, on 
average, as monozygotic twins is generally accepted, as is the assumption that much 
of twins’ and siblings’ unique experiences are, in fact, unshared, some assumptions 
of the twin design have often been criticized. These assumptions are: exposure to 
common (i.e., family) environments is the same for MZ and DZ twins; parents do 
not assortatively (i.e., nonrandomly) mate; and genetic and environmental effects 
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are uncorrelated. (For a complete discussion on strengths and limitations of the twin 
design, we refer to chapter XX of this book and ref. Røysamb & Tambs.16) As a 
result of the contention over the validity of twin designs, others have used different 
research designs to infer heritability of traits and diseases.

In an aim to compare heritability estimates between the twin design and other 
genetically informative designs, ref. Pettersson et al.17 examined heritability esti-
mates of eight common psychiatric disorders in a family based design and a genetic 
design. For the family design, data on clinical diagnoses of full and half-siblings 
were analyzed. Like in the twin design, this design capitalizes on data of genetically 
related family members. In this case, the resemblance in clinical diagnoses between 
full siblings, who share on average half of their genetic material, was compared to the 
resemblance between half-siblings, who share on average 25% of their genetic mate-
rial. The psychiatric disorders investigated in the study by ref. Pettersson et al.17 were 
(1) alcohol dependence, (2) anorexia nervosa (AN), (3) ADHD, (4) ASD, (5) bipolar 
disorder (BIP), (6) major depressive disorder (MDD), (7) obsessive-compulsive dis-
order (OCD), and (8) SCZ. Heritability estimates based on the family design varied 
substantially per disorder, from 35% for MDD to 80% for ADHD, and highlights 
the large differences in genetic and environmental influences across disorders. Of 
note, the heritability estimates mirrored results of the MATCH (twin) findings. The 
genetic data used in this study were single nucleotide polymorphisms (SNPs) that 
were collected in large clinical samples of the Psychiatric Genomics Consortium 
(PGC). Heritability estimates based on this design were expectedly lower but corre-
lated positively with the family-based estimates. Thus, different study designs (twin, 
family, genetic data), with different limitations, strengths, and assumptions converge 
in their findings of substantial heritability estimates.

13.5 Psychiatric disorders, comorbidity, 
and genetic overlap
A common finding in psychiatric research is the co-occurrence of psychiatric traits, 
or the observation that comorbidity is the rule rather than the exception. For instance, 
ADHD and ASD, often co-occur,18 and the multivariate twin design has been utilized 
to examine if shared genetic factors might explain this co-occurrence. Indeed, genetic 
overlap between ADHD and ASD has been established,19 also at sub-dimension 
level (e.g., inattention (ADHD), or social problems (ASD)) in children,20,21 in 
adolescents,22 young adults,23 and older adults.24,25 Also, recent large genome-wide 
association studies (GWAS) confirmed the genetic association between ADHD and 
ASD. For instance, the first adequately powered GWAS of ASD26 reported a genetic 
correlation of 0.36 between ADHD and ASD.

The cross-disorder group of the PGC presented in 2019 an analysis across eight 
psychiatric and neurodevelopmental disorders, namely AN, ADHD, ASD, bipolar dis-
order (BIP), MDD, OCD, Tourette syndrome (TS), and SCZ. This study showed sig-
nificant genetic correlations across virtually all pairs of included disorders, indicating 
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widespread genetic pleiotropy (i.e., the same genetic factor (or genotypes) influence 
more than one disorder). The highest genetic correlations were observed for BIP and 
SCZ (rg 0.70), and for AN and OCD (rg 0.50). Of note, MDD, considered an adult 
disorder, was correlated genetically with ADHD (rg =0.44) and ASD (rg 0.45). These 
findings suggest that genetic variance is even shared across early and late-onset disor-
ders. Follow-up analyses suggested that pleiotropic genetic loci were predominantly 
expressed in genes that are involved in neurodevelopmental processes.27

In sum, genetic factors influence all traits and diseases that have been investigated 
so far to some extent, and the same genetic factors appear to influence multiple traits 
and diseases within certain domains. Sex differences, also, may be observed less 
often than previously assumed for traits in which biological differences are not an 
inherent part of the trait. Finally, heritability estimates are not devoid of environ-
mental influences and context; indeed, heritability estimates always are interpreted 
in a population given the environmental context. This final point raises the question: 
How do environmental factors correlate and interact with genetic factors underlying 
complex traits and diseases?

13.6 Gene-environment interplay
13.6.1 Gene-environment correlation and 
gene-environment interaction
Although heritability estimates index the expression of genetic variance in a 
population, they always do so within an environmental context. In this way, heritability 
estimates oftentimes depend on environmental conditions or correlate with them in 
systematic ways. As Bronfenbrenner and Ceci8 concluded: “h2 cannot be interpreted 
as an estimate of the proportion of variance in a given developmental outcome that is 
completely free of environmental influence” (p. 583). Heritability, thus, always occurs 
in an environmental context and, therefore, can differ in one population of persons 
compared to another because of environmental contexts. Heritability of achievement 
outcomes, like grade point average, for example, is higher when children are given 
more educational opportunities earlier in life than not. There are two phenomena 
often examined in twin studies that attempt to seat heritability in an environmental 
context: gene-environment correlation and gene-environment interaction.

13.6.2 Gene-environment correlation (r GE)
A general research question among behavior geneticists is: Are genetic factors 
systematically correlated with environmental exposure? This question allows 
behavior geneticists to answer questions such as: Do people with a genetic propensity 
for antisocial behavior problems gravitate toward peers who are more likely to bend 
the rules than peers who follow the rules? Admittedly, the first question is broad 
and abstract, but twin designs allow researchers to test the processes through which 
genetic variance comes to be correlated with environment influences for all kinds of 
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human complex traits and diseases.28 This is known as gene-environment correlation 
(rGE),29 which is a statistical parameter that tests the extent to which variation in 
genotype (G) differentially exposes people to certain kinds of environments (E) that 
further encourage or discourage trait and disease development. Practically, rGE 
can be thought of as representing a systematic relationship between a measure of 
a person’s genotype, like a child’s ability to exert effortful control, and a measure 
of their surrounding environments, like level of chaos in the home environment. 
Essentially, rGE occurs when “genetic variants influence environmental exposure via 
behavior”,4 p. 433). The direction of the influence between genotype and environment 
is not specified, meaning that rGE also can occur when people’s exposure to certain 
environments (e.g., good early education teachers) influences genetic expression of 
behavior (e.g., performing well on exams).

Gene-environment correlations can be positive and negative in sign. Positive rGE 
occurs when highly heritable traits are associated with environments favorable for 
trait development.30, 29, 31 For example, children with higher effortful control tend 
to experience more organized home environments whereas children with less control 
experience more disorganized home environments.32 Negative rGE occurs in cases 
when heritable traits are associated with environments unfavorable for the devel-
opment of this trait; children experience environments that discourage phenotypic 
expression of existing genotype in pursuit of more effective functioning. Here, as an 
example, children with impoverished social skills may experience environments that 
provide more social coaching and opportunities for prosocial behavior that encour-
age genetic expression of enriched social skills.30 Less discussed cases of negative 
rGE are ones in which children with desirable traits experience environments that 
discourage further trait development.

Gene-environment correlation can occur in three ways: passive, evocative, and 
active.29,31 Passive rGE occurs when biological relatives pass down both their genes 
and home environment to children, creating an association between children’s herita-
ble characteristics and their environments. The child is passive in the process because 
the association occurs without any influence on the part of children. In this scenario, 
it is important to note that the home environment created by biological relatives is 
also influenced by their own heritable characteristics. Children who are genetically 
predisposed to be socially inhibited and have quiet demeanors may continue to be so 
because their parents provide them with a solitary home environment with few guests 
and visitors. In this example, parents pass down genes for introversion, and through 
their own inherited introversion, facilitate a home environment that supports their 
children’s genetic expression of introversion.

Evocative rGE occurs when children elicit certain kinds of responses from oth-
ers in the environment due to heritable behaviors or characteristics, creating an as-
sociation between genotype and certain environments. Children who are genetically 
predisposed to introversion may elicit certain reactions from their parents and school 
teachers. A teacher, for example, may call on introverted children less often than ex-
troverted children, thereby reinforcing these children’s tendency to stay quiet. Teach-
ers (and parents) may also provide shy children an outlet for personal expression and 
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participation through the written word, creating an environment favorable for further 
introversion.

Active rGE occurs when people seek certain environments over others based on 
their genetically influenced traits. Active rGE can be thought of as niche selection. 
Back to our introverted group of children, these children may seek social connec-
tion with other introverted peers who understand and appreciate solitude and quiet 
activities, like choosing solitary activities and socializing in small groups over large 
gatherings.

Gene-environment correlation shows how environments come to be correlated 
with genetic variance as people are provided, select into, and elicit experiences in 
life.33 Gene-environment correlation is a fluid, dynamic process that changes over 
the lifespan. Passive rGE is most likely to occur in childhood (although it can occur 
in adulthood, too) whereas the presence of active rGE is likely nil in infancy, but 
increases as people age.31

13.6.3 Gene-environment interaction (GxE)
Whereas rGE explains how genotype comes to be correlated with environments, 
gene-environment interaction (GxE) addresses questions about the environmental 
conditions under which the expression of a genotype is more (or less) likely to 
occur. Gene-environment interaction, in other words, helps to clarify environmental 
conditions under which the genetic expression of cognitive ability or depressive 
symptomatology, for example, is maximized. Gene-environment interaction is a 
standard moderation scenario in which the effect of environment on behavior depends 
on genotype or the effect of genotype on behavior depends on environment. Although 
these conceptualizations are statistically equivalent, the chosen moderator—genotype 
or environment—depends on the scope and features of a given study. Furthermore, 
GxE studies can be carried out in twin studies and in nontwin samples. The latter, 
however, requires measured genotype in the form of candidate genes (i.e., a SNP) or 
polygenic scores (i.e., the weighted effect of multiple alleles on a phenotype).

One commonly researched GxE scenario is the Scarr–Rowe hypothesis, which 
states that heritability of cognitive ability is greater in higher socio-economic sta-
tus (SES) environments than lower SES environments.34 Using twin designs,35,36 
the Scarr–Rowe hypothesis has been important for clarifying child and adult envi-
ronmental conditions under which genetic expression of cognitive ability is maxi-
mized.37,38 GxE studies have continued to be useful and have been applied to phe-
notypes ranging from psychiatric disorders39 to interpersonal factors like marital 
quality.40 This has been especially true in the postgenomic era, in which much of the 
GxE studies that included candidate genes have failed to replicate,41 like the finding 
that early stressful life events correlated with greater risk of depression only in those 
with a short allele in the 5-HTT gene-linked polymorphic region.42,43

Several GxE models are prominent in the literature. The first is the diathesis-
stress model, which suggests that genetic factors may predict adverse behavioral out-
comes for people who experience stressful environments.44 In this conceptualization, 
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people with genetic susceptibility must experience riskier environments for expres-
sion of the adverse behavior; genetic susceptibility is a necessary but insufficient 
condition and must be triggered by an environmental stressor. Heritability of a trait 
or disease, thus, remains low unless one is exposed to the stressor. For example, un-
der this model, genetic risk for depression will only materialize in the context of life 
stress. The diathesis-stress model has been criticized for focusing too much on risky 
environments at the expense of positive environments and for assuming a general 
vulnerability orientation for genotype. For example, Boyce45 presents a series of 
studies that show that children who are genetically predisposed to be more sensitive 
and reactive (i.e., high risk) may benefit the greatest in low-stress environments but 
suffer the greatest consequences in high-stress environments.

Research like in ref. Boyce’s45 has led to a second model known as the differ-
ential susceptibility model.46,47 Accordingly, people with certain genotypes may be 
more susceptible to the effects of the environment in both desirable and undesir-
able ways. These people are likely to experience the most positive outcomes in the 
most supportive environments whereas in the most negative environments, they will 
experience the worst outcomes. Ref. Belsky and Pluess48 give the example of chil-
dren with difficult temperaments (e.g., high negative emotionality) who experience 
problematic outcomes when born into high-risk environments (e.g., low parent re-
sponsiveness) but thrive when born into low risk, supportive environments (e.g., high 
parent responsiveness). These individuals, referred to as “orchids” because of their 
sensitivity to environmental conditions, are contrasted with individuals who neither 
suffer nor profit from negative or positive environmental exposures, referred to as 
“dandelions” because of their ability to thrive in nearly any environmental condi-
tion. Differential susceptibility models, thus, are considered better alternatives to 
diathesis-stress models for demonstrating the range in which genetic expression of 
a trait can occur.

13.7 Mechanisms that lead to rGE and GxE
In this section, we provide examples of rGE and GxE in commonly studied 
phenotypes. Cognitive ability is, by far, the most studied phenotype in both 
literatures to demonstrate that the environment in gene-environment correlations was 
as principal in the developmental system as genotype.29 We then provide examples 
from the personality and externalizing behavior literature.

13.7.1 Cognitive ability
Genetic mechanisms mediate the correlation between environmental conditions in 
children’s homes and their cognitive ability, suggesting that children actively employ 
their environments in their cognitive development.49 Despite wide recognition that 
people fashion and evoke environments that either amplify or diminish genetic 
variance underlying cognitive ability,50–52 few studies have explored the mechanisms 
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through which genetic and environmental influences on cognitive ability come 
to be correlated. We note two. First, ref. Tucker-Drob & Harden53 showed that 
children differentially evoke parental learning behaviors because of genetically 
influenced characteristics. Conversely, quality of parenting, a genetically influenced 
characteristic, differentially predicted the kinds of learning environments parents 
provided their children. Heritability of early child cognition, thus, is not just a matter 
of which genes are inherited but of the environments that are given to and evoked by 
children.

Our second example is given from ref. de Kort et al.54 who was the first to model 
gene-environment correlation explicitly in twin models via direct effects of pheno-
types on environmental effects at a later point in time. This work showed that ge-
netic and environmental factors partly explain increases in the population means of 
environmental influences underlying cognitive ability. Her study was the first of its 
kind, with only one subsequent replication in the Louisville Twin Study.55 Ref. de 
Kort et al.’s54 twin study of cognitive ability is special because it inserts observed 
ability as the mechanism through which genetic variance comes to be correlated with 
people’s environments.

Studies like in ref. de Kort et al.’s54 stand out from GxE models of cognitive abil-
ity, which quantify differences in heritability of cognitive ability as a function of en-
vironmental exposure. We noted the Scarr–Rowe hypothesis above—the hypothesis 
that socially disadvantaged populations are not as likely to realize genetic potential 
underlying cognition56—which has been replicated in numerous studies and sum-
marized in a meta-analysis.37 The economic disparity of the country in which twin 
population samples are studied matters quite a bit. Heritability-by-SES effects are 
observed more often in the United States than in Australia, Germany, The Nether-
lands, Sweden, and the United Kingdom. Greater inequality is observed in the United 
States than in these countries, at least as indexed by each country’s respective level of 
income inequality (i.e., Gini coefficient). Economic inequality, in other words, may 
have an effect on the expression of cognitive ability.

13.7.2 Personality
Although several studies have investigated the relative influence of genetic and 
environmental factors on personality, most notably in the National Merit Study57 
and the Nonshared Environment in Adolescent Development,58 fewer studies have 
investigated the environmental correlates of the heritability of personality. rGE 
is at play in the correlation between measured family environments and children’s 
personality development, as measured the Big 5 factors of personality (i.e., neuroticism, 
extraversion, openness to experience, agreeableness, and conscientiousness).59 
Similarly, in adult twins, ref. Kandler et al.60 showed that genetic sources of variance 
mediated effects of personality on life event outcomes (although not vice versa), 
which provides evidence for active and evocative rGE in personality. Genetic factors 
positively mediated effects of neuroticism on negative life events whereas they 
positively mediated effects of extraversion and openness to experience on positive 
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life events. Genetic factors also mediated effects of openness to experience on greater 
number of life events. Taken together, Kandler’s studies support the conventional 
understanding that parents are integral in the provision of environments that 
maximize genetic potential for personality development whereas in adulthood, people 
nonrandomly select and attract life events based on their genetic propensities.

As with cognitive ability, environmental factors moderate heritability of person-
ality and temperament traits, particularly in childhood and adolescence.61,62 Optimal 
parenting, like that of authoritative parents, has been found to be critical for the 
genetic expression of negative emotionality, a feature of the personality trait neu-
roticism. Although somewhat counterintuitive, the message here is that authoritative 
parenting may give children the flexibility to differentially express their personalities 
whereas authoritarian parenting potentially restricts children’s flexibility to interact 
with their home environments in ways that allow them to maximize their genetic 
potential for their temperaments. Authoritarian parenting, unlike authoritative par-
enting, may require children to behave in accordance with their parents’ wishes, irre-
spective of their genetically influenced strengths and weaknesses. Similarly, Lemery-
Chalfant et al.32 found that genetic variance underlying effort control, a measure of 
attention of self-control similar to the self-discipline facet of conscientiousness, and 
negative affectivity, a measure of neuroticism, was greater in children reared in cha-
otic homes than nonchaotic homes.

Adult social relationships, particularly romantic relationship satisfaction, moder-
ate the heritability of the following traits: well-being (i.e., tending to be cheerful and 
feeling good), social potency (i.e., tending to influence and be forceful with others), 
alienation (i.e., tending to be suspicious that others have bad, harmful intentions), 
aggression (i.e., tending to take advantage and feel spiteful toward others), constraint 
(i.e., tending to be restrained, reserved, and traditional), and traditionalism (i.e., tend-
ing to have conservative values).63 For the former three traits, genetic variance was 
highest when relationship satisfaction was low. Ref. South et al.63 interpreted this 
pattern of results to be “evidence of, and very much in line with, the diathesis-stress 
theory, which suggests that in context of an environmental ‘trigger’—here, an unsat-
isfying and/or distressed romantic relationship—genetic influences on personality 
will be expressed” (p.138). For the latter three traits, genetic variance was highest 
when relationship satisfaction was high. They interpreted this finding to be consistent 
with bioecological models,8 such that a genetic predisposition to self-control (or lack 
thereof) is maximized in better environmental conditions.

13.7.3 Externalizing behaviors
Like all human traits, externalizing problem behaviors such as aggressive, 
rule-breaking, hyperactive, and impulsive behaviors are heritable (∼50%) but 
environmental risk factors such as physical or emotional abuse, low socio-
economic status, and delinquent peer affiliations have also been suggested to play 
a significant role.64,9 More recently, maternal smoking during pregnancy (MSDP) 
has been hypothesized as a prenatal environmental risk factor for externalizing 
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problem behaviors. The association between MSDP and externalizing problem 
behaviors, among which also clinical manifestations of externalizing problems 
such as conduct disorder, has been studied extensively. A meta-analysis observed a 
significant association between MSDP and conduct problems in offspring based on 
six studies.65 The majority of included studies could not control for genetic variance, 
however, so the authors warn that results must be interpreted with caution, as genetic 
variance could potentially explain part of the observed statistical association with 
MSDP.66 MSDP is an environmental factor that correlated with the genetic factor 
for externalizing problems.67 In this study, using a highly informative family design, 
MSDP significantly predicted the development of conduct problems (in boys and girls) 
and interacted with genetic variance underlying conduct problems (in boys only), 
which suggests passive rGE. Several additional studies in genetically informative 
designs confirmed that the effects of MSDP on externalizing problem behaviors are 
at best moderate, or decrease when controlling for genetic associations.68–73

Other environmental factors that have been investigated in the context of exter-
nalizing behaviors are familial and social relationships. The Minnesota Twin Family 
Study published longitudinal results on the role of adolescent parent–child relation-
ships and peer affiliations in the context of externalizing behaviors, and their poten-
tial interplay with genetic factors. A study of 1,382 same-sex twin pairs reported a 
GxE effect at age 17 (more genetic variance for externalizing behaviors when the 
parent-child relation showed more problems) but not at age 24. The authors, there-
fore, concluded that a GxE effect is “developmentally limited”.74 However, a shared 
genetic influence, (i.e., r GE), might explain the association between parent-child 
relation and externalizing behaviors in young adulthood. In the same sample, but 
this time using data at ages 17, 20, 24, and 29, it was investigated if antisocial peer 
affiliations would interact with genetic variance, cross-sectionally and over time. A 
significant GxE effect was found at age 17, but not after this age, again suggesting 
that these interaction effects are limited to the adolescent period but not to external-
izing problems some years later.75

In a much younger sample of 5-year-old twins of the Southern Illinois Twins/
Triplets and Siblings Study, Ref. DiLalla & DiLalla76 investigated rGE in aggressive 
behaviors by matching each twin of one pair to an unfamiliar, same-age, same-sex 
playmate. By using twins, they could perfectly control, for example, parental style 
and genetic factors that might influence aggressive behaviors. Their observations 
revealed that the twins who were rated as more aggressive by their parents were 
more likely to be matched with children showing more aggressive, but not assertive 
behaviors. The authors suggest that evocative rGE is at play here: by behaving ag-
gressively, the “aggressive twins” evoked aggressive behavior in their playmates. As 
playing is fundamental for child development, further research into the mechanisms 
underlying gene-environment interplay in aggressive behavior still needs to be un-
derstood.

In sum, GxE seems to play a minor role in externalizing behaviors and is limited 
mostly to late adolescence, whereas rGE, whether passive, or evocative, is observed 
at several ages.
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13.8 Future directions of twin studies of traits and diseases
Quantitative genetic studies have been integral in clarifying genetic and environmental 
mechanisms that contribute to human complex traits and diseases. Just as ref. 
Meehl77 predicted in 1978 that behavior genetics would persist in importance for the 
next half to full century, we also, expect that behavior genetics will be important for 
understanding the etiology of human development and health for the next century. 
What does the future of quantitative genetics hold for complex traits and diseases, 
especially 20 years into the postgenomic era?

The ability to measure genotype directly has opened up new opportunities for 
genetic research on traits and diseases. What we have learned from prior candidate 
gene studies and genome-wide association studies is that human complex traits are 
polygenic, meaning that traits are influenced by the cumulative small effects of many 
genes. These small effects can be combined into polygenic scores (or polygenic risk 
scores) that can be used in studies like any other random variable. The post-genomic 
era, once thought to retire the use of twin studies to infer genetic and environmen-
tal etiology of traits and diseases, has, instead, marshalled new opportunities for 
the use of twin designs, including the use of genotype data measured directly with 
DNA extracted from blood and saliva. Polygenic score estimation, holds promise as 
a tool for clarifying genetic influences on human complex traits. One of the more 
compelling areas is estimating ACE models that statistically adjust for effects of 
polygenic scores on phenotypes while simultaneously quantifying heritability.78 
Such approaches can help index the proportion of variance attributed to measured 
and unmeasured genotype. Although it probably is unrealistic to delineate all alleles 
associated with human complex traits like depression, cognition, and personality, 
understanding which genes are predictive of traits and behavior has appeal to both 
basic and clinical researchers alike.

Quantitative genetics likely will continue to be important for clarifying how ge-
netic variation underlying complex traits and disease depend on environmental expo-
sure. We expect research to continue to elucidate the mechanisms through which ge-
netic and environmental factors cause individual differences in outcomes that range 
from normal developmental outcomes (e.g., temperament, personality, and cognition) 
and abnormal outcomes (e.g., major depression, SCZ, and Alzheimer’s disease). Ref. 
Bronfenbrenner & Ceci8 were right when they posited that heritability cannot be un-
derstood free of environmental context. Gene–environment interaction studies have 
been useful for demonstrating that heritability estimates depend on proximal and 
distal environments to which people have access. In a recent evaluation of behavioral 
genetics in the postgenomic era, Harden79 writes that “future psychological research 
on G × E should seek to surmount its reliance on endogenous environmental varia-
tion and instead integrate experimental and econometric methods that allow for more 
rigorous inferences about causality” (p. 53) We agree. The econometric approaches 
that ref. Harden79 describes emphasize exogenous environmental variables, like so-
cioeconomic measures (e.g., military service, neighborhood), policy reform, and dif-
ferential exposure to health and education programs.80
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Twin studies also should continue to clarify the causal associations among risk 
and protective factors and complex traits and diseases. A strength of twin and sibling 
studies is that unobserved genetic and environmental selection factors can be ruled 
out as confounding factors in the association between two heritable phenotypes. 
Known as co-twin control studies81 or quasi-causal modeling,82 twin studies will 
continue to be useful for uncovering causal associations in studies where random 
assignment simply is impossible or unethical. The reason is that twins and siblings, 
especially MZ twins, share their genotype and experience many of their rearing envi-
ronments in like ways. Take a pair of MZ twins, one who is diagnosed with SCZ, the 
other who is not. The causes of the twin’s diagnosis cannot be attributed to genetic 
influences, as both twins share the same genotype, nor shared environmental influ-
ences. Some unique aspect of the twin’s environment (e.g., substance use or trau-
matic brain injury), thus, must be causally related to the SCZ diagnosis. In this way, 
we believe that twin studies will continue to aid social, psychological, medical, and 
health sciences in testing causal effects against competing hypotheses.

Quantitative genetic studies also have the potential to clarify people’s behavior 
that cause genetic variance and environmental factors to become correlated over time 
such that one twin (or sibling) becomes the more intelligent, more personable, or less 
depressed twin than his or her cotwin. Epigenetic research has much to offer here 
(see Chapter XX in the current volume). Studies of change in epigenetic profiles 
may clarify how selection and exposure to certain environments correlate with DNA 
methylation that, in turn, affects the role of genotype in development.

Finally, one area we are particularly enthusiastic about is integrating experimen-
tal approaches into genetically informed research designs.83,84 One of us (CRB) is 
currently engaged in implementing an experimental approach to understand wheth-
er and how random assignment to exogenous environments can cause heritability 
of cognitive performance to change. Twin studies that include random assignment 
achieve two aims: greater understanding of the role of specific environmental condi-
tions that maximize (or minimize) heritability of complex traits and diseases as well 
as the causal role of specific exogenous environments.
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14.1 Introduction
This chapter considers the use of twin studies to make inference about (1) causation 
per se for (2) putative causes that are measured for both members of the pair.

This is in contrast to the long history of twin studies being used to try to make 
inference about unmeasured familial “causes of variation,” both genetic and nonge-
netic, where “causal” inference is based on a comparison of measures of similarity 
between monozygotic (MZ) and dizygotic (DZ) twin pairs under strong assumptions 
about the role of nongenetic factors that are difficult to address; see 14.1.4.

14.1.1 The importance of understanding causation
Understanding the causal relationships between measured risk factors and outcomes 
is at the core of epidemiological, medical and for that matter, almost all scientific 
research. Epidemiological research often considers the relationship between a 
measured exposure (in the broad sense) and a given health outcome, with the ultimate 
aim of contributing to what is currently known about the causes of the outcome.

Knowing if an exposure is causal is essential for understanding the etiology of 
diseases and for prevention. Conducting prevention based on misinterpreting asso-
ciations can be disastrous, as exemplified by the α-Tocopherol, β-Carotene Cancer 
Prevention (ATBC) Study1 and the β-Carotene and Retinol Efficacy Trial (CARET).2 
In these studies, sadly the incidence of lung cancer was increased in the treatment 
groups, highlighting the importance of conducting rigorous studies of causation 
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(versus association), such as randomized controlled studies, prior to specifying 
health-related guidelines.3

As an example which we will come back to, we might want to know whether 
body mass index (BMI), a measure of adiposity, causes changes in DNA methylation 
levels. This could lead to a better understanding of the impact of fat mass on gene 
expression and downstream consequences for health and disease, with implications 
for prevention based on interventions. But if instead DNA methylation changes cause 
changes in BMI, or if there are other factors that cause changes to both DNA meth-
ylation and BMI, research or interventions based on the “BMI causes methylation” 
hypothesis would be doomed to failure with serious consequences.

14.1.2 Association is not necessarily evidence for causation
An association between two traits X and Y can occur because X causes Y, or because 
Y causes X (referred to as reverse causation in the context where X and Y are a priori 
considered to be the exposure and outcome, respectively). But an association can also 
occur in the absence of causality if X and Y have a common cause, which is referred 
to as a confounder (U). For example, drinking more coffee (X) might be associated 
with a higher risk of lung cancer (Y) but drinking coffee is also associated with 
tobacco smoking (U).4,5 In this instance smoking, which for the point of argument we 
assume is a cause of the outcome, is a confounding variable—a measure associated 
with both drinking coffee and developing lung cancer—and the association between 
the exposure and outcome is not causal.

Identification of and accounting for confounders is therefore critical in order to 
make inference about causation. Traditionally epidemiologists have tried to address 
this problem by measuring known or putative confounders and taking them into ac-
count in the design (e.g., by matching or stratifying potential confounders) and/or in 
the statistical analysis by assessing associations subject to the influences of a con-
founder through regressing putative confounders and exposures together. But we can 
never be sure that all confounders have been measured, even when epidemiologists 
introduce unmeasured confounders—based on their contextual knowledge—into 
their deliberations (e.g.,6,7). We consequently must consider the impacts of uncon-
trolled confounding.

14.1.3 Proof of causation
It is important to note that we cannot prove causation. The philosopher David Hume 
asserted that we cannot simply observe causation, it must be logically induced.8,9 In 
other words, we can never be definite in the claim that an exposure is the cause of 
an outcome.9 While we can build models based on thinking about causation and fit 
them to data to find evidence “consistent with causation,” there can always be other 
interpretations. We can, however, take a Popperian approach by continually assessing 
whether the data are consistent with causation—or with other explanations—by 
conducting different and varied tests.10
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14.1.4 A implies B does not imply B implies A
Logically, the fact that an observation leads to a specific outcome does not 
mean that observing that outcome implies that specific observation is the cause. 
Observing that the correlation in a trait for MZ twin pairs is greater than it is for 
DZ pairs (of the same sex) does not imply that genetic factors “cause” variation 
in the trait. The observation is simply “consistent with” the existence of genetic 
causes and should be viewed as hypothesis-generating. It does not prove that 
genetic causes exist. Other nongenetic causes of familial aggregation could exist, 
and these might be more than the simplistic (e.g., yes/no) approach of the classic 
twin model.11,12

14.1.5 Bradford Hill’s so-called criteria for causation
In 1965, Bradford Hill created a set of guidelines that listed aspects of an association 
that occur if an exposure is causal as a way to help make decisions about causation.13 
These have been mislabeled as the “Bradford Hill criteria,” something that Bradford 
Hill was careful to avoid.14 All he did was to ask: “If an exposure X causes a disease 
Y, what must be true?”. The exposure must occur before the disease starts (which is 
not the same as being diagnosed, a point glossed over). There must be a biological 
mechanism. But not knowing what the biological mechanism is does not imply the 
factor is not causal (which is a false argument used by the tobacco industry,15 and by 
destructive reviewers of papers!).

The so-called “criteria” attributed to Bradford Hill have become widely used in 
epidemiological textbooks and studies.9 However all but one of the guidelines pro-
posed by Bradford Hill are not necessary, let alone sufficient, criteria for causation. 
The only guideline required for causation is that the exposure must occur before 
the outcome. This condition highlights the value of prospective studies, but the as-
sociations found from cohort studies are not necessarily causal even if the exposure 
predates the outcome.

14.1.6 Randomized controlled trials
The gold standard for providing evidence of causality is considered to be the 
randomized controlled trial (RCT).16 An RCT is a prospective study that uses 
randomization to create the exposure groups and can thus examine causality 
between an exposure and an outcome.16 Randomization means that results are 
less vulnerable to the effects of uncontrolled confounders as all confounders 
have the same population distribution for the exposed and unexposed samples,17 
though this does not necessarily mean the actual sample distributions are the 
same. However, RCTs are often not feasible due to ethical, practical, or financial 
reasons.

There is, therefore, a great need to make inference about causation from obser-
vational studies given they are more feasible even though the exposure-outcome as-
sociation is vulnerable to the effects of uncontrolled confounders.
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14.1.7 Mendelian randomization
New approaches to assessing causation have emerged. Mendelian randomization 
(MR) uses one or many genetic variant(s) associated with the exposure—so that 
the exposure need not even be measured in the given study—and assumes they 
are “instrumental variables,” which means they perfectly satisfy several strong 
assumptions. Various justifications are given for this labeling based on a presumed 
genetic knowledge about the action of the variants on the totality of causes of 
the outcome (even though genetic knowledge is generally in its early stage) to 
hopefully account for unmeasured confounding when examining exposure-outcome 
associations.18–20 These genetic variants must: (i) have an incontrovertible (though 
not necessarily causal) association with the exposure; (ii) be independent of all 
confounders between the exposure and outcome; and (iii) affect the outcome only 
via the exposure variable.21 Because many genetic variants are pleiotropic (i.e., 
have an effect on multiple outcomes), statistical methods have been developed to 
test assumption (iii) (e.g.,22) but these empirical approaches always have limited 
statistical power and in any case, can never prove that the assumption is perfectly 
true. False confidence can be generated by a lack of statistical significance of the test.

There are also many environmental and social factors arising from assortative 
mating, dynastic (i.e., nongenetic familial) effects, and population structure, which 
can influence the outcome as well as the genetic variants and thereby violate assump-
tion (ii) and give false conclusions from consideration of the association between the 
variants for the exposure and the outcome.23–26 This problem can be addressed by 
combining MR with the within-family design.

MR studies of within-family differences have found some established associa-
tions that are greatly attenuated when using this design which naturally controls to 
some extent for unmeasured familial factors. For example, the Within-family Con-
sortium considered whether height and BMI cause educational attainment and found 
that the associations identified using unrelated participants were attenuated when 
using the within-family method.26 These findings suggest that these environmental 
and social factors can confound results relating to socioeconomic traits such as edu-
cational attainment.

14.2 Previous twin and family study 
approaches to address causation
14.2.1 Within-family designs: differences versus differences
Within-family designs analyze the within-family difference in an outcome as a 
function of the within-family difference in the exposure and thereby control for 
aspects of potential confounders shared by members in the same family. Within-
twin-pair designs are a special, and perhaps optimal, type of within-family designs. 
The outcomes of these studies can be continuous, binary, or of other types.27 The 
studies can be also conducted by considering, or over-sampling, pairs specifically 
chosen for being (most) discordant for the exposure (e.g.,28). The findings of these 
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studies are therefore more “compelling,” given the natural control for unmeasured 
familial confounding, but cannot be used to imply causation because they cannot 
discount reverse causation or unmeasured individual-specific confounding.

The extent to which familial confounding explains an association between an 
exposure and outcome can be derived from comparing the within-individual associa-
tion with the within-pair association. The former can be derived from the twin data 
itself, taking into account the correlation between pairs using an appropriate statisti-
cal analysis (such as using generalized estimating equations (GEE)29 or the FISHER 
software30 for a continuous outcome).

14.2.2 RCTs involving twins
Twin pairs can also be used in RCTs, where randomization is used to assign each 
member of a twin pair to a different intervention, or if using a cross-over design, 
to assign both members to each intervention at differing times. The twin pair RCT 
design is in theory more powerful than a traditional RCT of unrelated participants. 
Each twin is perfectly matched to their co-twin in terms of age, sex if necessary, and, 
depending on zygosity, their genetic background. Given that age, sex and genetic 
factors are potential confounders of almost all exposure-outcome relationships, the 
within-pair matching naturally increases the role of randomization alone in creating 
comparable exposure groups.

14.2.3 Classic multivariate twin model (CMTM)  
and components of covariance
The univariate classic twin model considers a single trait and makes inference 
about the genetic and nongenetic “causes of variation,” typically under the equal 
environment assumption, a strong and controversial claim that MZ and DZ pairs 
share equal amounts of non-genetic variability.31 Consequently, the model estimates 
“components of variance” attributed to genetic, shared nongenetic, and individual-
specific nongenetic factors.

This model has been extended to consider multiple traits by first applying the 
univariate model to each trait to estimate their trait-specific components of variance. 
It then allows these trait-specific components of variance to be correlated. Modeling 
techniques can then be applied to estimate these correlations and determine the most 
parsimonious fits.

Therefore, the model estimates the “components of covariation” between the 
traits. This allows for conclusions to be made about the extent to which an exposure-
outcome association is due to familial confounders, both genetic and nongenetic.

But the classic multivariate twin model (CMTM) does not allow for the possibil-
ity that there are causal relationships between the measured traits. Consequently, it 
is not possible to make strong inference about causation. Finding that the association 
between two traits is statistically explained by a set of genetic factors that predispose 
to both traits does not imply that there is no causal relationship between the two 
traits.
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14.2.4 The direction of causation (DoC)  
model and the MR-DoC model
The direction of causation (DoC) model32 assumes that there is causation between 
two traits and that the classic twin model applies separately to each trait. The DoC 
model in effect predicts the expected cross-twin cross-trait correlation for each 
direction that causation is modelled (i.e., from X to Y or from Y to X)34 and then tests 
if this is consistent with what is observed. In this way, it can rule out causation in one 
or both directions. But to do so, it assumes that there is no familial confounding. That 
is, it is really a “lack of causation” model in that it can, in some instances, provide 
evidence against causation in one or both directions.33

The DoC model has the most power to assess the direction of causation, under the 
assumption that there is no familial confounding, when the mode of inheritance for 
each trait differs substantially.34 Assume we have two traits, X and Y, and that each 
trait’s genetic and environmental variation is correctly partitioned, another important 
caveat.

Suppose, for illustration, the variation in X is mainly due to genetic variation with 
no shared environmental variation and the variation in Y is mainly due to shared envi-
ronmental variation with no genetic variation. In this example, when X causes Y, the 
cross-twin cross-trait correlation is a function of the mode of inheritance of X and 
the within-individual correlation between X and Y. When Y causes X, the cross-twin 
cross-trait correlation is a function of the mode of inheritance of Y and the within-
individual correlation between Y and X. It is clear that, in this example, the expected 
cross-twin cross-trait correlations differ substantially between the scenarios of X 
causes Y and Y causes X.34

If the modes of inheritance for X and Y are similar, however, the same cross-twin 
cross-trait correlation will be produced and it will not be possible to identify whether 
X causes Y or Y causes X.34

The DoC model considers four possible models: (i) X causes Y; (ii) Y causes 
X; (iii) reciprocal causation – X causes Y and Y causes X; or (iv) the association 
between X and Y is due to an external factor (e.g., a pleiotropic genetic factor and/or 
underlying environmental factor), that is, familial confounding only.

These models can be compared using goodness-of-fit tests based on the likeli-
hood ratio if the models are nested within one another. If models (i)–(iii) fit signifi-
cantly worse than the familial confounding only model (iv), then rather than causa-
tion, the observed association is concluded to be due to familial confounding arising 
from shared genetic or environmental factors influencing both traits.34

However, as mentioned above, the unidirectional and reciprocal DoC models do 
not allow for familial confounding; the within-twin cross-trait and cross-twin cross-
trait genetic and (shared and unique) environmental correlations are constrained to 
zero.35 Consequently, while models assuming causation in one or the other direction 
can be compared with one another, these models assume causation is the only reason 
for an observed association and there is no way to determine whether this association 
is due to both familial confounding and causation.36
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An extension of the DoC model is the MR-DoC twin model. This was devel-
oped by including genetic variant(s) associated with the exposure and restricting 
parameters of the DoC model to consider only unidirectional models.35 While 
an assumption of MR is that the genetic variant(s) only influences the outcome 
through the exposure, the MR-DoC model allows the genetic variant(s) to be 
associated with the outcome (i.e., horizontal pleiotropy is considered). In other 
words, the MR-DoC model considers pleiotropy by including a parameter mea-
suring the influence of the genetic variant(s) on the outcome and has higher pow-
er than the DoC model to detect causal effects when the mode of inheritance of 
the exposure and outcome are similar. In order to achieve model identification, 
the MR-DoC model typically assumes that there is no unique environmental con-
founding.35

14.3 Inference about causation from examination  
of familial confounding (ICE FALCON)
14.3.1 Model description
Inference about Causation from Examination of Familial Confounding (ICE 
FALCON) is a regression-based method for assessing causation using paired 
observational data from related individuals.37 ICE FALCON assesses evidence 
for both causality, causal direction, and familial confounding between a measured 
familial exposure and outcome. Unlike the classic twin and DoC models, this allows 
for a more realistic scenario in which both bidirectional causation and familial 
confounding are possible. It does this by studying the pattern of changes in risk 
associations that would be generated by causation regardless of whether there is 
familial confounding.

ICE FALCON has many of the advantages that have made MR a popular method 
for assessing evidence consistent with causation. Both methods use an instrumental 
variable. In the case of MR, this instrumental variable is a measured genetic variant(s) 
associated only with the exposure variable. In ICE FALCON, an individual’s co-twin 
is used as a proxy for the unmeasured truly instrumental variable consisting of all the 
genetic and nongenetic causes that influence the exposure alone, i.e., all the familial 
determinants. In ICE FALCON, the association between this proxy for the instru-
mental variable and the outcome is assessed.

ICE FALCON is analogous to bidirectional MR as the scenarios in which the 
exposure causes the outcome, and/or the outcome causes the exposure, are both as-
sessed. However, a major difference between ICE FALCON and MR is that ICE 
FALCON does not make the strict assumptions of MR and allows for familial con-
founders to exist. In addition, rather than estimating a single parameter, ICE FAL-
CON fits several regression models, and assessment of evidence about causality is 
performed by assessing how pairs of regression coefficients change between their 
marginal and conditional associations.
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14.3.2 Formal model description
As previously described37 let there be two traits, X and Y, measured for two related 
individuals. For simplicity, and without loss of generality, assume that these related 
individuals are a twin pair and denote twin 1 as “self” and twin 2 as “co-twin,” 
although these labels can be interchanged. Both twins are considered for analysis. 
Assume that: X is positively associated with Y within an individual, X is the exposure 
variable, and Y is the outcome variable. In this scenario, we consider one exposure 
variable, but inclusion of multiple is possible.

ICE FALCON fits three regression models:

Model 1: E(Yself) = α1 + βselfXself
Model 2: E(Yself) = α2 + βco-twinXco-twin
Model 3: E(Yself) = α3 + β’selfXself + β’co-twinXco-twin

where αi is the model intercept (i = 1, 2 or 3) and βself, βco-twin, β’self, and β’co-twin are 
the regression coefficients for the marginal and conditional associations of Xself and 
Xco-twin with Yself, respectively.

We consider four scenarios: (i) the effects of familial confounders SXY (Fig. 
14.1A); (ii) X causing Y (Fig. 14.1B); (iii) Y causing X (Fig. 14.1C); or (iv) a mix-
ture of familial confounding and causation. For each scenario, we expect the patterns 
of changes in the pairs of regression coefficients when comparing the conditional 
estimates (β’self, β’co-twin) from Model 3 with the marginal estimates (βself, βco-twin) 
from Models 1 and 2 to differ.

14.3.3 Interpretation of changes in regression coefficients
As shown in Table 14.1, if there is only familial confounding (Fig. 14.1A), then the 
marginal associations between Xself and Yself (βself in Model 1) and Xco-twin and Yself 
(βco-twin in Model 2) will be nonzero. When Xself and Xco-twin are fitted together in 
Model 3, the associations between Xself and Yself (β’self in Model 3) will be adjusted 
for Xco-twin and the associations between Xco-twin and Yself (β’co-twin in Model 3) will 
be adjusted for Xself. Both β’self and β’co-twin will attenuate toward the null (compared 
with βself in Model 1 and βco-twin in Model 2, respectively).

If there is only a causal effect from X to Y only (Fig. 14.1B), then the marginal 
association between Xself and Yself (βself in Model 1) will be non-zero. There will 
be an association between Xco-twin and Yself (βco-twin in Model 2): through SX and 
through conditioning on Yco-twin as it is a collider (which is done so as to account 
for the correlation between Yself and Yco-twin, e.g., using a GEE analysis which ef-
fectively conditions on Yco-twin). Through conditioning on Yco-twin, Xco-twin and Yself 
will be negatively correlated, meaning that βco-twin will depend on the within-pair 
correlation in X (ρX) and Y (ρY): if ρX>ρY, βco-twin will be positive, otherwise nega-
tive. When Xself and Xco-twin are fitted together in Model 3, the association between 
Xself and Yself is unaffected by conditioning on Xco-twin, and so the conditional as-
sociation (β’self in Model 3) is expected to be similar to βself in Model 1. However, 
when the association between Xco-twin and Yself is conditioned on Xself, the pathways 
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FIG. 14.1

Possible causal diagrams for traits X and Y measured in a twin pair. SX, SY, and SXY 
represent the unmeasured causes that influence X, Y and both X and Y, respectively. 
U represents the unmeasured individual-specific confounders influencing both X and Y. 
Reproduced from Li et al.37.
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through SX and Yco-twin are both blocked, so the conditional association will be null 
(β’co-twin in Model 3).

If there is only a causal effect from Y to X (Fig. 14.1C), then the marginal as-
sociation between Xself and Yself (βself in Model 1) will be non-zero. The marginal 
association between Xco-twin and Yself (βco-twin in Model 2) will be null as both paths 
between Xco-twin and Yself are closed – the path through Xself as it is a collider and 
the path through SY as Yco-twin is conditioned on. When Xself and Xco-twin are fitted 
together in Model 3, both paths are open after conditioning on Xself so the condi-
tional association between Xco-twin and Yself (β’co-twin in Model 3) will be non-zero, 
although this depends on ρX and ρY: if ρX>ρY, β’co-twin will be negative, otherwise 
positive. Conditioning on Xco-twin will not affect the association between Xself and 
Yself, so we expect β’self in Model 3 to be similar to βself in Model 1.

The cross-twin cross-trait associations may be due to a combination of causation 
and familial confounding, and in this case, we expect the results to be a combina-
tion of the results for each causal scenario. We expect to still observe changes in the 
pairs of regression coefficients and assessment of the evidence for causation will be 
possible. That is, inference about causation can be made while allowing for familial 
confounding.

14.3.4 Statistical inference for ICE FALCON estimates
We need to first formally test if the changes in regression coefficients are consistent 
with chance using statistical inference such as bootstrapping or simulation methods, 
see37 for more detail. In addition, simulation studies can be a powerful tool to 
assist in making inference about causation by providing a visual assessment of the 
significance of the changes in regression coefficient estimates.

For example, if we simulate three causal scenarios based on the correlational 
structure observed in a dataset and then perform ICE FALCON, we can display the 
distribution of the simulated parameter estimates and the observed parameter esti-
mate produced by ICE FALCON.

Fig. 14.2 shows the distributions of the simulated parameter estimates, chang-
es in these estimates, and the observed parameter estimate produced by ICE FAL-
CON (red line). Fig. 14.2A is under the assumption that there is no causation but 
there is familial confounding. Fig. 14.2B is under the assumption that X causes Y, 
while Fig. 14.2C is under the assumption that Y causes X. The first two distributions 

TABLE 14.1 The expected ICE FALCON results for different causal scenarios.

Model Familial confounding X causes Y Y causes X

1 βself ≠ 0 βself ≠ 0 βself ≠ 0
2 βco-twin ≠ 0 βco-twin ≠ 0 βco-twin = 0
3 β’self ≠ 0 & β’self < βself

β’co-twin ≠ 0 & β’co-twin < βco-twin

β’self ≠ 0 & β’self ≈ βself

β’co-twin = 0
β’self ≠ 0 & β’self ≈ βself

β’co-twin ≠ 0

Reproduced from Li et al.37
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TABLE 14.2 Comparisons of the assumptions and inferential statistics for 
the within-twin pair model, classic multivariate twin model, the direction of 
causation model, and inference about causation from examination of familial 
confounding (ICE FALCON).

Model Assumptions Inferential statistics

Within-twin pair model Associations between within-pair 
differences

CMTM Family confounding only
No causation

Components of covariance

DoC Causation only
No familial confounding

Goodness-of-fit statistics

ICE FALCON Familial confounding 
and causation

Changes in pairs of regression 
coefficients

(columns 1 and 2) refer to the regression coefficients for the marginal associations 
βself and βco-twin and the second two distributions (columns 3 and 4) refer to the re-
gression coefficients for the conditional associations β’self and β’co-twin. The last two 
distributions (columns 5 and 6) refer to the changes in regression coefficients, βself 
- β’self and βco-twin - β’co-twin.

We can clearly see that the red lines are closer to the mean of the parameter dis-
tributions in Fig. 14.2B compared with Fig. 14.2A and even more so when compared 
with Fig. 14.2C. Formal tests of statistical significance can be applied to quantify this 
decision making; see Li et al.37 We conclude that X causes Y is the best fitting causal 
scenario among the three alternatives.

14.4 Comparison of the CMTM, DoC model, and ICE FALCON
Table 14.2 summarizes the main points of difference between the different approaches 
to association and causation discussed above.

Compared with ICE FALCON, both the CMTM and the DoC and MR-DoC mod-
els make stronger assumptions. In the case of the CMTM, the assumption that as-
sociations are only due to familial confounding (i.e., no causation) greatly limits its 
ability to understand the true relationship between the measured traits. The DoC 
model assumes the absence of familial confounding between the exposure and out-
come when considering causal mechanisms. Once again, this presents a limited view 
of the true relationship and we cannot assume that results are evidence for causality, 
let alone the direction of causation. ICE FALCON, however, makes inference about 
causation and familial confounding at the same time.

Furthermore, DoC and MR-DoC make inference on the causes of familial simi-
larity through assessing the genetic and nongenetic components of variance. While 
ICE FALCON uses the shared familial similarity of traits, it does not require the 
specificity of the DoC or MR-DoC models. ICE FALCON does, however, require 
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that data from related individuals contains variables of interest that have been mea-
sured the same way for both members of a pair. In comparison with MR-DoC, where 
the genetic instrumental variables will typically be minimally impacted by measure-
ment error, the measured variables used in ICE FALCON analyses can be subject to 
substantial measurement error.

The CMTM, DoC models, and ICE FALCON all require the exposure to be cor-
related among members of the same families. ICE FALCON is less sensitive to as-
sumptions because it makes inference based on changes in estimates, rather than the 
estimate itself. But in doing so, it requires there to be strong and highly significant 
within-pair correlations and associations, and this could limit applications, depend-
ing on sample size.

In addition, the CMTM, DoC, and MR-DoC models consider only the marginal 
associations between the exposure and the outcome. ICE FALCON performs infer-
ence about causation in a different way by comparing the changes between pairs of 
marginal and conditional regression coefficients. This is more comprehensive as ICE 
FALCON can be applied to different simulated causal scenarios using the correla-
tion matrix observed in a dataset. Furthermore, ICE FALCON provides a simple and 
logical method for interpreting results through visualizing how the resultant changes 
in parameter estimates fit within a simulated distribution of changes in parameter 
estimates (see e.g., Fig. 14.2 and the Supplemental Material in37).

14.5 Applications of ICE FALCON
ICE FALCON has previously been applied to investigate causes of mammographic 
density,38,39 allergic conditions,40 bone architecture, bone density and markers of 
bone remodeling,41,42 psychological disorders43–45 and epigenetic modifications.46,47 
Recently, we published the most comprehensive and up-to-date description of ICE 
FALCON and its applications37.

When ICE FALCON was first proposed, it was used to examine the potentially 
causal relationships on mammographic density of body weight, age at menarche, 
and height.38 The relationships between these measures and both the total dense and 
nondense breast tissue areas were assessed. Findings were consistent with causation 
between weight and mammographic density measures. Age at menarche and height 
(adjusted for weight) were both associated with dense and nondense areas; however, 
the patterns of these associations were inconsistent with causation. Formal statistical 
inference on the changes in regression coefficients was not yet implemented at the 
time of this analysis.

Statistical inference was introduced by Bui and colleagues,41 when the relation-
ship between a summary measure of bone structure and a summary measure of bone 
remodeling and deterioration was assessed. Results were consistent with bone struc-
ture having a causal effect on remodeling and deterioration, but not with remodeling 
or deterioration having a causal effect on bone structure. This finding is of consider-
able importance for understanding the mechanisms, and therefore potential preven-
tion, of osteoporosis.
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Recently, the causal relationships between BMI and DNA methylation in blood,46 
and smoking and DNA methylation in blood,47 have been assessed. DNA methyl-
ation influences the expression of genes without changing DNA sequence and is 
known to be affected by exposures and health-related lifestyle factors.48 Findings 
were consistent with a causal effect from BMI to DNA methylation, but not with 
a causal effect from DNA methylation to BMI.46 Specifically, an association was 
observed between a woman’s DNA methylation level and the BMI of her co-twin, 
but after conditioning on the woman’s own BMI, this attenuated to the null. When 
the predictor and outcome were reversed, an association was not observed between a 
woman’s BMI and the DNA methylation level of her co-twin. Similar findings were 
found consistent with a causal effect from smoking to DNA methylation, but not with 
a causal effect from DNA methylation to smoking.47 Specifically, an association was 
observed between a woman’s DNA methylation score and the smoking status of her 
co-twin, but this disappeared after conditioning on the woman’s own smoking status. 
Reversing the predictor and outcome to assess the causal effect of DNA methylation 
level on smoking status, an association was not observed between a woman’s smok-
ing status and the DNA methylation level of her co-twin.

The direction of causation findings above for ICE FALCON were consistent with 
those from previous MR analyses that assessed the relationships between BMI and 
DNA methylation49,50 and smoking and DNA methylation.51 Our ICE FALCON 
analyses used substantially smaller sample sizes. The studies using MR by Wahl 
et al.49 and Mendelson et al.50 used sample sizes of n = 4034 and n = 2170, respec-
tively, and the study by Jhun et al. had n = 822.51 Both studies by Li et al. using ICE 
FALCON had n = 479.46,47

We have previously shown37 that we can compare the amount of causal informa-
tion obtained from MR and ICE FALCON using the test statistic for the association 
between the polygenic risk score and the outcome (ZMR) and the test statistic for the 
change in cross-trait cross-pair regression coefficient (ZIF), divided by the square 
root of the sample size (n). We showed that studies by Wahl et al.49 and Mendelson 
et al.50 found ZMR = 4.00 and 2.69, resulting in ZMR/n1/2 = 0.063 and 0.058, respec-
tively. A comparative ICE FALCON analysis37 that had n = 130 found ZIF = 1.75, 
so that ZIF/n1/2 = 0.153. This shows that, for this example, ICE FALCON appears to 
have about 2.5 times as much information on causation per subject than does MR.37 
We will, however, conduct further research comparing the power per subject of ICE 
FALCON and MR.

14.6 Further developments
Further developments to the theoretical, analytical, and translational aspects of ICE 
FALCON are being undertaken. In order to provide a more comprehensive analysis 
of the causal relationships being studied, we will use simulation studies to conduct 
statistical power calculations of ICE FALCON. We will also examine what can be 
learnt from DoC by taking into account the zygosity of the twin pairs. Furthermore, if 
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additional family data is available (e.g., multiple siblings or siblings as well as twins), 
there is the potential for extracting more information than from only considering 
pairs of related individuals. Extensions will be made to the model that will allow 
for inclusion of more than two family members. Updates to ICE FALCON with 
methods for inclusion of other relevant information, such as family history, will also 
be developed. We also plan to make ICE FALCON more accessible to the wider 
research community, through production of user-friendly software packages in Stata 
and R, as well as the creation of a user guide. Within this user guide will be statistical 
power calculations, example datasets and demonstrations.
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15.1 What is a randomized controlled trial?
Randomized controlled trials (RCTs) are the gold standard for testing interventions 
and “the most rigorous way of determining whether a cause-effect relationship 
exists between treatment and outcome and for assessing the cost-effectiveness of 
a treatment”.1 Random allocation provides participants the same chance of being 
assigned to each of the treatment groups.2 The purpose of random allocation is 
to ensure that the characteristics of participants are as similar as possible across 
treatment groups prior to the initiation of an intervention (baseline). If randomization 
is done properly, it reduces the risk of a serious imbalance in known and unknown 
factors that could influence the clinical course of the participants. Therefore, any 
significant differences between treatment groups in the outcome of interest can be 
attributed to the intervention and not to any unidentified factor(s). Evidence-based 
practice in healthcare requires unbiased results from clinical trials to guide clinicians 
for better patient outcomes. RCTs are the gold standard to test interventions such as 
behavioral interventions or pharmaceuticals.

Genetic confounding of identified associations is often a very real possibility 
but is frequently overlooked by researchers. An advantage of involving twins pairs 
in intervention studies is that they share both genetic and familial factors. Such 
data can be used in statistical models within RCTs to allow for the controlling of 
familial confounding between interventions and outcomes. Such additional benefits 
provide greater accuracy when investigating the association between interventions 
and outcomes.

Generally, twins have been recruited mostly for studies using the “classical twin 
design.” This method compares the similarity of monozygotic (MZ) and dizygotic 
(DZ) twin pairs to estimate genetic and environmental variance components, pre-
dominantly using observational study designs.3,4 Hundreds of thousands of twins 
have provided a valuable resource for studying complex genetic phenotypes and their 
underlying biology.5

Different ways of using data from twins for research are explained in other chap-
ters of this book. This chapter aims to explain how twins can be involved in RCTs.
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15.2 Role of twins in RCTs
Assigning MZ twins to a cotwin control designed RCT is different from the traditional 
RCT involving unrelated individuals. The cotwin control design can increase 
statistical power due to the increased comparability between trial arms and control 
for confounding (Yelland et al., 2017). It can also provide perfect control for many of 
the potential confounding factors that could be imbalanced between treatment groups 
by chance, especially genetic makeup and age. The latter is particularly relevant to 
RCTs in children, where age matching is often a challenge.6

Studying DZ twins may also allow for matching due to the shared environment as 
well as 50% of their genetic variants and age, which can potentially justify the choice 
for recruiting DZ twins rather than siblings for a study. However, challenges such as 
teasing out individual factors in the context of complex interacting contributors may 
arise when involving DZ twins in RCTs.

In one of the earlier intervention studies involving twins which tested the effect of 
Vitamin C intake on common cold symptoms, the authors demonstrate the efficiency 
of using twins over randomly selected individuals.7,8

The full advantages and the rationale for involving twins in RCTs have not been 
adequately discussed or explored.6 A review undertaken by Sumathipala et al. (2018) 
was the first step to identifying studies using twins as participants for RCTs. How-
ever, in-depth analyses of the quality of individual studies and methodological issues 
of these studies or meta-analysis were not reported in this review. According to the 
authors, a meta-analysis was not possible due to the heterogeneity of such studies 
and the varying interventions tested, resulting in no single treatment effect to be 
estimated. Instead, the authors reported all published material up to 2015, including 
RCTs involving only twins as participants. They reported basic trial characteristics 
including sample size, inclusion criteria, whether trials include only MZ, DZ, or 
both, and randomization method (i.e., whether same pair twins were randomly as-
signed to the same treatment group independent of each other, or to different treat-
ment groups in a cotwin control design).

There is evidence from Sumathipala et al. (2018) that only a limited number of 
RCTs with twins had been carried out. There have been 90 clinical trials carried out, 
according to the US clinical trial database.9 For these, 50 studies were registered with 
twins as study participants, and 40 studies were registered with mothers who were 
pregnant with twins as study participants. However, only 29 of the total studies used 
the RCT study design. Of these, 23 had recruited mothers pregnant with twins as the 
study participants and only six studies had recruited twins as the study participants. 
Worldwide, another 50 RCTs had been conducted recruiting twins as participants 
(Sumathipala et al. 2018).

The majority of the studies reviewed by Sumathipala et al. (2018) were con-
ducted in the United States. The remaining studies were from Canada, Austra-
lia, UK, Finland, Germany, Greece, Bangladesh, Belgium, Dominican Repub-
lic, France, Hawaii, Hong Kong, India, Iran, Norway, Switzerland, Taiwan, and 
Thailand (Sumathipala et al. 2018). There was a great variation of sample sizes 
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across these studies, with the majority of studies having 100 twin pairs or fewer 
as  participants.

15.3 Zygosity and twin assignment across the randomized 
controlled trials
Both MZ and DZ twins have been used in RCTs. However, on a majority of instances 
they have been MZ twins randomized to opposite arms of a RCT. As illustrated 
in Table 15.1, 13 RCTs assigned both twins in each pair to the same study arm, 

TABLE 15.1 Characteristics of randomized controlled trials with twin 
participants.

Characteristic Number (percentage) of trials (n = 50)

Number of participants recruited
<10 12 (24)
10–100 21 (42)
101–250 14 (28)
>250  3 (6)

Sex
Males only  7 (14)
Females only  9 (18)
Males and females 34 (68)

Age group
Infants only 11 (22)
Child and adolescents only 16 (32)
Adolescents and adults  3 (6)
Adults only 20 (40)

Twin assignment
Same treatment groups 13 (26)
Different treatment groups 33 (66)
Independent allocation  3 (6)
Unclear  1 (2)

Location
United States 21 (42)
Canada  5 (10)
Europe 10 (20)
LMIC  2 (4)
Other 12 (24)

Twin recruitment method
Twin registry  8 (16)
Other 42 (84)
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10 of which included both MZ and DZ twins, two included only MZ twins and 
one included only DZ twins. This is in contrast to 33 RCTs where twin pairs were 
assigned to different study arms, of which six included both MZ and DZ twins, 24 
included only MZ twins and three included only DZ twins. In most instances (33/50) 
the pair of twins had been assigned to different study arms, and most of these studies 
(24/33) had been with MZ twins.

Therefore, twins within a pair irrespective of their zygosity can be assigned to the 
same arm of a RCT, or separately to either the intervention or control arm.

When twins participate in a clinical trial, they may be randomized to the same 
treatment group, independent of each other, or to different treatment groups as in 
the cotwin control design. Most clinical trials involving twins have used the cotwin 
control design with MZ twins (Sumathipala et al., 2018). Allocating MZ twins are 
a perfect control of genetic variation between the treatment groups. This has im-
portant implications for future RCTs conducted in twins, since recruitment may be 
more successful if both twins in a pair will receive the same treatment, although the 
impact of different methods of randomizing twins on the sample size must also be 
considered.

15.3.1 The impact of twins on sample size and power
One of the advantages of conducting RCTs in twins is that the sample sizes can be 
smaller compared to using nontwin RCTs.7,8,10

This is especially true when using the cotwin control RCT approach which does 
not reduce the statistical power.11

However, if twins from the same pair are randomly assigned to the same treat-
ment group or independently of each other, rather than to different treatment groups 
as in the cotwin control design, the benefits in sample size for an RCT involving 
twins may be lost.12

However, this will depend on how twins from the same pair are randomized. If 
the cotwin control design is used, such that one twin from each pair receives the 
intervention and the other acts as their control, the trial will have more power than 
a trial in singletons, and hence the sample size can be reduced. In contrast, if both 
twins are assigned to the same treatment group, the trial will have less power than 
a trial in singletons, thus requiring a larger sample size. This is due to the fact that 
comparisons of the intervention and control conditions must be made across twin 
pairs, rather than within twin pairs as in the cotwin control design. If twins from the 
same pair are randomized independently (ignoring that they are twins and treating as 
individuals), the trial will likely have similar power to a trial in singletons. Methods 
for calculating the sample size for trials involving twins only or a combination of 
singletons and twins have been discussed by Yelland et al. (2017).

The review by Sumathipala et al. (2018) demonstrates the variation and range of 
sample sizes used in the different studies (Table 15.1). Although the authors did not 
attempt to assess whether the sample size was adequate for addressing the specific 
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research question of each trial, this does raise the issue of whether small RCTs in-
volving twins are adequately powered to detect meaningful treatment effects.

15.3.2 Implications for future work and directions
To understand the potential benefits of the cotwin control design, it would be useful 
to compare the sample sizes of twin RCTs and nontwin RCTs required to detect 
the same effect size. The advantages and disadvantages of the inclusion of both 
MZ and DZ twins in RCTs need more in-depth discussion and are areas for future 
methodological research.

Contamination between intervention and control groups is major challenge par-
ticularly in psychological interventions especially if twin pairs living together are 
assigned to either arm of a RCT.

The continuous development and implementation of innovative twin designs in 
intervention studies, especially RCTs, indicates that twin research can extend beyond 
the more widely recognized heritability estimates toward the possibility of inference 
on causation.

Involving twins in RCTs comes with its own advantages, and limitations such as 
conducting disease-specific clinical trials for cancer which may require pairs concor-
dant or discordant for the outcome. However, such comparisons are arguably more 
efficient in intervention cotwin control studies using phenotypically concordant 
pairs, where one twin is randomly assigned to receive the intervention and the other 
twin acts as their control. A comparison between the cotwin control design in inter-
vention and nonintervention studies, along with other novel utilities of this design 
have been discussed in detail previously.11 Recruiting children in RCTs has ethical 
implications, and needs especially strict ethical oversight.

The relatively low sample size required when using twin pairs plays an important 
role in reducing the overall budget of trials. And as most twin registries worldwide 
are population based it provides and added value and advantage.13

Recruitment and traceability of participants would be faster as twin registries 
maintain contact details of a large number of potentially eligible participants, many 
of which engage with members through newsletters and gatherings. The authors’ 
own personal experience in prospective studies have shown that traceability of twins 
is much better than nontwins, as tracing one twin in a pair allows easier and faster 
tracing of the second and reducing attrition. Members of a twin registry would also 
be more open to participate in clinical trials as they would have had some experience 
participating in twin research. This also gives the added benefit of forming patient 
and public involvement and engagement groups to enhance the quality of clinical 
trials.

It is evident that twins in RCTs are an underused methodology in testing interven-
tions. This may be due to various reasons such as lack of infrastructure (twin regis-
ters) or expertise in twin methodology. However, it is interesting and reassuring to 
note that there is a growing interest in twin methodology globally with development 
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of new twin registries in many parts of the world through collaborations from experts 
with established twin registries. Therefore, RCTs with twins may come to play an 
important role in interventions studies worldwide in the future.
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16.1 Introduction
For a century, the orthodoxy in most social science fields was that parent–child 
attitudinal and behavioral similarities are fashioned through socialization processes 
and environmental factors. It was reasoned that parents influence their children 
directly, through the explicit and implicit learning that takes place within the family, 
especially during childhood and adolescence, and indirectly, through their social 
structural position (class, ethnicity, or religion). In 2005, this status-quo was upended 
by Alford, Funk, and Hibbing’s study published in the lead political science journal, 
the American Political Science Review1 which showed that “political attitudes are 
influenced much more heavily by genetics than by parental socialization” (p.164). 
By comparing the resemblance in identical (monozygotic, or MZ) and fraternal 
(dizygotic, or DZ) twins, they reported that genes explain half of the variance in 
political conservatism. These findings undermined a century of consensus in political 
science research and sent a shock wave through the broader discipline, showing that 
the effect of socialization had been overestimated in previous studies.

The proposition that political orientations are genetically influenced was not 
novel. Breakthrough findings of significant genetic effects on political traits were 
published thirty years earlier in the journal Nature2 and in 1986 in the Proceedings of 
the National Academy of Sciences by Martin et al.3 While other studies followed,4,5 
they went largely unnoticed by social scientists due to a systematic lack of awareness 
and contact with research in the related, yet separate field of behavioral genetics, 
which had been studying attitudes and interests for decades. Consequently, genetic 
factors were not incorporated into the dominant paradigms that explain the origin of 
attitudes and various social behaviors.

With the publication of Alford, Funk, and Hibbing’s article1 in a flagship journal, 
the social sciences could not ignore evidence for the heritability of social traits. The 
article gained visibility in both the academic arenas and in the wider public sphere.6 
Not unexpectedly, it received mixed reviews and invited controversy and criticism,7,8 
although the concerns raised had been extensively explored and rebutted in previ-
ous decades in the field of behavior genetics.9–11 Since 2005, articles addressing 
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questions about genetic influences in the social sciences appeared at an exponential 
rate in leading social science journals. This includes several special issues devoted 
to the topic, published in Political Research Quarterly,12 Social Science Quarterly,13 
Political Psychology,14 and Journal of Theoretical Politics.15 A special issue on the 
genetic bases of politics was also published in the journal Twin Research and Human 
Genetics,16 while other studies on this topic made it into prestigious journals such as 
Science17 and PNAS.18

Despite the avalanche of publications exploring these topics, findings on herita-
bility had a difficult time going mainstream in social science scholarship. One fallacy 
responsible for the reluctance to embrace opportunities offered by behavioral genetic 
research is the misguided view that genes have a direct impact on social and political 
traits. However, given the complex nature of the traits that are of interest to social sci-
entists, such as ideology or participation, no specific gene was discovered to directly 
and substantially impact these outcomes. A second fallacy is the idea that the impact 
of genes is not context-dependent, which is the same as saying that their effects are 
universal. However, empirical studies19 have shown that heritability varies consider-
ably across contexts, and we know very little about what is it about a specific context 
that makes a trait more or less heritable. Therefore, generalization beyond the context 
of the population representative of that analyzed in twin studies would be misguided.

This chapter offers an overview of how genetics was incorporated as an explan-
atory factor in explanations of the origins of attitudes, interests, and other social 
behaviors. It begins with a literature review of studies employing the twin design 
to explore the heritability of complex traits relevant to the social sciences. Next, it 
outlines how twin studies are conducted, with a discussion of the main assumptions 
and criticism that the classical twin design received from social scientists. This chap-
ter also touches on variations of the twin design that use extended family data and 
molecular analyses that link specific segments of the genome to phenotypes of inter-
est. It concludes with a discussion of the ways in which behavior genetic methods 
can advance our understanding of the mechanisms underlying social traits and the 
 challenges that lie ahead.

16.2 Findings from the literature
In 2005, political scientists John Alford, Carolyn Funk, and John Hibbing1 employed 
the twin design to analyze the genetic basis of party affiliation and conservatism using 
the 28-item Wilson–Patterson scale. They found a large variation in the heritability 
of issue positions, ranging from 18% to 41% (for school prayer and property tax), 
with a mean of 32% for individual items and 43% for the overall conservatism index. 
The heritability estimates for partisanship were much more modest than expected, 
at 14%. These results indicate that genetic factors—although we do not know which 
genes, how many and through what mechanisms—play a more important role than 
parental influence in political conservatism.

Despite engaging later than other disciplines, such as psychology20 and sociol-
ogy,21 with the proposition that genes play a role in human attitudes and interests, 
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political science is arguably the social science discipline (not counting psychology, 
of course) that most utilized twin studies in the past decade. Over the past fifteen 
years, a wide range of political attitudes and related behaviors received social science 
scrutiny in the form of the twin design. They include political knowledge,22 politi-
cal interest and efficacy,23 individual voting decision strategy,24 political sophistica-
tion,25 ethnocentrism,26 foreign policy preferences,27,28 social trust,29 cooperative 
behavior,18 and survey response behavior.30

The extent of genetic influence that studies report varies greatly with the type of 
attitude or behavior, with most findings showing moderate levels of heritability (e.g., 
50%). From a social scientific point of view, it is also interesting to see whether there 
is a common environmental component, which indicates the presence of socialized 
causes, and in fact, in a surprising number of cases, socialization does not seem to 
play a role. Genetic factors explain more than half of the variation in political partici-
pation,31 political knowledge, authoritarianism, and social trust,32 and have a more 
modest role in ethnocentric attitudes, sense of civic duty, and moral foundations.33 
For most of these traits, the environmental component is not only affected by the 
shared family environment as a socializing factor, but also by unique personal ex-
periences that result from having different friends, teachers, colleagues, and, later in 
life, spouses and families. This indicates that parental influence is more limited than 
previously thought and in some cases nonexistent.

The low heritability estimates for political party identification reported by Al-
ford, Funk, and Hibbing1 were later supported by results from Australia34 and the 
United States.35,36 However, when reassessed in a sample from about the time of 
Obama’s election, heritability was high.19,37 This raises questions about the gen-
eralizability of the results and reinforces the idea that they are somewhat context-
dependent. Similarly, a meta-analysis yielded great variation in the heritability of 
ideology, ranging from close to zero in Hungary to over 50% in the United States 
in 2008.38 Of course, different methodologies also affect the findings. Bell et al.39 
found that a large number of ideological traits are heritable in a Canadian twin 
sample, with the notable exceptions of state activism on social issues and environ-
mentalism. These results show that when a phenotype receives more rigorous scru-
tiny across both time and space, there is a great deal of variation in the results, which 
may be a cause for concern. Heritability also changes over the life course,40 which 
indicates that no particular gene is responsible for a complex trait and that more 
focus should be devoted to the environmental stimuli that influence gene expression 
(what is referred to as gene-by-environment interactions).

The twin approach was also extended to more complex models in the social 
sciences that allow the multivariate assessment of relationships. Examples of such 
studies focused on psychological traits associated with social trust,41 ideology,42 in-
group identification and favoritism,43 participation,44 civic duty,45 and political inter-
est.46 Additional tested relationships included efficacy and participation,47 social fear 
and out-group attitudes,48 aggression and foreign policy attitudes,49 the relationships 
of need for cognition and closure with political ideology,50 religious and political be-
liefs,51 and the impact of the need to evaluate on political ideology and extremity.52 
Verhulst and colleagues proposed the use of longitudinal, and even cross-sectional, 
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twin data to disentangle causal mechanisms42,53,54; and several studies have explored 
gene-by-environment interactions.55,56

16.3 The classical twin design
Twin studies are the most commonly used method for estimating the extent to which 
attitudes and behaviors have a genetic component. Some studies extend this design 
by including twins’ families and use molecular genetic data for trying to identify 
the specific genes responsible for given traits. MZ twins reared apart from birth 
offer the most ideal data for the analysis of genetic effects, since they share 100% 
of their genes and none of their environment. Therefore, barring resemblances in 
environment, such as school climate or parental attitudes (which can be accounted 
for), any similarity between them can be largely attributed to the effects of genes. 
Although cases of twins reared apart are relatively rare and challenging to identify, 
such studies have been done.57–59

To overcome the scarcity problem associated with the twins reared apart design, 
most studies employ twins reared together in order to partition genetic and environ-
mental effects. This approach is based on the difference in genetic makeup between 
MZ and DZ twins. One way to achieve this is through the Falconer method,60 as em-
ployed by Alford, Funk, and Hibbing1 which relies on bivariate cotwin correlations 
of the phenotype. This approach was outdated as of 200561,62,64 and for this reason, 
the article received criticism from twin researchers and geneticists. Later works that 
followed applied more current methods, including Hatemi’s PhD dissertation, writ-
ten under the supervision of John Hibbing, that arrived largely at the same conclu-
sions as the original article after reanalysis with the contemporary structural equation 
modeling approach.63 In fact, Medland and Hatemi’s article in Political Analysis64 
offers one of the best reviews of twin heritability estimation methods (not only within 
the social sciences). The modeling presented includes the description of some com-
mon multivariate models that allow for the decomposition of not only the variance of 
a phenotype into its genetic and environmental components but also the covariance 
between phenotypes. The models also enable the simultaneous estimate of complex 
measurement models and multivariate structures of relationships. However, while 
the classical twin design allows researchers to assess whether genes have an effect, 
it cannot indicate the specific genes responsible for the phenotype, the number of 
genes, or the mechanism linking genes to the phenotype.

16.4 Assumptions of the twin model
Like any other method of analysis, the classical twin design rests on a number of 
assumptions. While the behavior genetics literature discussed and defended these 
assumptions over the past decades, they were more recently reiterated and brought 
forward in social science by researchers reluctant to engage with the findings of 
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twin studies. If violated, some of the assumptions bias heritability estimates upward 
(increasing the chances of a type I error) and others bias heritability downward 
(increasing the chances of a type II error). Given the central role they played in the 
twin studies scholarship in the social science, here we review both the assumptions 
and the specific arguments laid out in the social science, twin studies, and behavioral 
genetic literature.

16.4.1 Type I error for heritability
All scientists pay considerable attention to mitigating the risk of type I error, which 
refers to reporting as significant findings that only occur by chance. This is, arguably, 
a serious error that can occur in empirical research. For this reason, assumptions, if 
violated, increase the risk of type I error, an issue that has received considerable the 
attention. Of course, findings of no significant effect can sometimes provide useful 
knowledge.

The classical twin design decomposes variance into three distinct sources: addi-
tive genetic effects (a), common environmental influences (c), and unique environ-
mental influences (e). This is what’s referred to as the ACE model. One criticism is 
that there could be other sources of variance, such as genetic dominance or epistasis 
(forms of gene-by-gene interaction) and gene × environment interaction, which the 
model cannot easily account for. However, by assuming that these sources of varia-
tion do not exist, the additive genetic estimate of the model is biased upward. Since 
dominance and epistasis are also genetic effects (nonadditive), the statistical model 
indeed might overestimate the additive genetic component but only at the expense 
of these other nonadditive genetic components. For this reason, misspecifying the 
mechanism of genetic influence of the phenotype may overestimate additive genetic 
effects, but not the impact of genetics in general.

Gene-by-environment interactions occur when people with the same genotypes 
respond differently to different environments or the effects of a particular environ-
ment differ depending on someone’s genotype. The omission of this (or anything 
else relevant) from the analysis can introduce bias, though social scientists bringing 
this critique often forget that this is a problem of all quantitative empirical studies, 
not just twin designs. Purcell65 developed an extension of the ACE model that tack-
les this problem. This extension produces conditional effects of a, c, and e, moder-
ated by a specific, measured “environmental” factor explicitly modeling the gene by 
 environment interaction.

Another assumption that garnered substantial attention and criticism is the 
equal environment assumption (EEA). This was addressed in two debates in Per-
spectives on Politics.7–11 This assumption holds that the contribution of the shared 
environmental influence for the trait of interest is the same for MZ and DZ twins. 
In the case of political views, parents most certainly expose both MZ and DZ twins 
to the same perspectives while they are living at home. The main point of criti-
cism in this regard is that the shared environment may have a larger influence in 
the case of MZ than DZ twins, which would cause the heritability estimate to be 
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overestimated and the common environment estimate to be underestimated. Some 
anecdotal arguments against this assumption include evidence that MZ twins are 
more likely than DZ to spend time with each other and share the same friends,8,66 
which results in them sharing a larger proportion of their environment than DZ 
pairs. These studies do forget that the mechanism through which this could also 
occur is what is called gene–environment correlation, namely when genetics influ-
ence environments people select into (a convenient example of this mechanism is 
how people with fair skin, a highly heritable trait, are less likely to sit in the sun 
because they easily burn), though studies modeling this mechanism are still scarce 
in the social sciences.
The main issue surrounding the EEA assumption is whether the possibly larger part 
of the environment shared by MZ twins influences the specific trait under analysis. 
Even if we expect for this violation of the EEA assumption to occur, there are ways 
of measuring and correcting for this specific effect. One extension of the twin model 
includes an EEA correction when there is information on the specific environmental 
component believed to violate the assumption.67–71 Derks et al.72 proposed an 
alternative model that accounts for EEA violations without having to measure the 
environment. An empirical test using equal environment measures such as shared 
bedroom, friends, classes, and dressing alike found no EEA violations that would 
bias heritability estimates for issue positions.73 In fact, most specific tests of the 
equal environment assumption suggest that it is not present at all. For example, it 
is unlikely that parents would offer their children more consistent political cues in 
families with MZ twins than in those with DZ twins. Exceptions are so rare, they 
are well below the probability of statistical errors we agree to tolerate. In other 
words, when it happens, most likely a positive estimate of EEA’s presence is also 
due to just random chance. Additionally, even if there is an EEA violation in some 
environmental factor, that environmental factor has to have a strong impact on the 
phenotype to produce bias in the estimates of twin models not taking EEA violations 
into account. In the social sciences, EEA has been used as a blanket critique of all 
twin studies, but no critic attempted to test specific propositions empirically. People 
who did found no EEA violation.

16.4.2 Type II error for heritability
The classical twin design also makes several assumptions that, if violated, bias 
heritability estimates downward and increase the risk of type II error. While these 
assumptions receive less attention from critics in the social sciences, they are 
important in ensuring that estimates are unbiased. Some of these assumptions, 
especially for social traits, are often violated. One of these is the assumption of no 
measurement error, which is important in any survey-based study. In the twin design, 
measurement error is subsumed within the unique environmental influences (e), 
leading the estimates for nonshared environment to be biased upwards and those for 
heritability (a) and shared environment (c) to be biased downwards proportionally, 
since the (a), (c), and (e) estimates need to sum up to 1.
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Another assumption of the classical twin design is random mating with respect 
to the phenotype under analysis. This assumption is violated when people choose 
partners who are similar to themselves in the trait of interest (also known as assorta-
tive mating), which biases heritability estimates downward. This occurs frequently 
when it comes to social traits, as spouses tend to be similar in ideological leaning 
and religiosity, though is certainly less the case for cancer susceptibility, other forms 
of disease, or even physical characteristics like height and body mass index where 
one could easily imagine assortment. For instance, Eaves and Hatemi74 found strong 
assortative mating on attitudes toward gay rights and abortion. Moreover, political at-
titudes (r = 0.64) and party affiliation (r = 0.59) are the second and third most corre-
lated traits among spouses, slightly lagging behind religiosity (r = 0.71) and surpass-
ing education (r = 0.50), height (r = 0.22), weight (r = 0.15), physique (r = 0.12), 
neuroticism (r = 0.08), and extraversion (r = 0.01).73

Violations of the assumptions discussed in this section can be tested and mitigated 
in several ways in order to reduce the bias in estimates. Measurement error can be 
minimized through careful measurement and using the more complex statistical 
models covered by the aforementioned Medland and Hatemi article.75,29 Assortative 
mating bias can be explicitly modeled if data are gathered from the parents of the 
twins or the spouses of adult twins.76 The inclusion of opposite-sex twins22,77 and 
nontwin siblings can bring additional analytical power and reduce bias associated 
with generalizing to the general population only based on twins.

16.5 The future of twin research in the social sciences
Researchers in the social sciences are used to having access to cross-national data 
with large sample sizes (e.g., thousands of participants) provided by studies such as 
the Comparative Studies of Election Systems, the World Values Survey, the European 
Values Survey, the European Social Survey, or the Eurobarometer. Unfortunately, 
openly accessible data to conduct behavioral genetic studies within the social science 
are still scarce, although behavioral geneticists have made great strides in collecting 
social and political twin data. Many of the early studies relied on a proprietary US 
sample, the Virginia 30k. While most twin data are proprietary, there are some freely 
available or easily accessible options. The Minnesota Twins Political Survey data, at 
the University of Nebraska’s Political Psychology Lab, collected through the efforts 
of John Hibbing, is freely available.78 The Midlife in the United States (MIDUS) 
National Study of Health and Well-Being is a relatively easily accessible dataset 
that contains a twin sample with many social characteristics.43,47,79 The National 
Longitudinal Study of Adolescent Health (Add Health) twin data can be purchased 
for a modest fee.31

Unfortunately, these data sources suffer from various limitations of small sample 
sizes or restricted geographical and demographic reach in the Minnesota Twins Po-
litical Survey data. Others are volunteer registries where only those interested in 
study participation become participants. While less of an issue for medical research, 
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this interest often correlates with other social traits. This is somewhat mitigated by 
population registries in the Scandinavian countries, though social and behavioral 
traits are scarce in registry data and if these are used as a starting point for surveys, 
selection bias becomes a problem. Moreover, since collecting twin or genotyped data 
is significantly more difficult than survey data, the discipline of behavioral genetics 
has fewer incentives to encourage, enable or reward the sharing of these data. Con-
sequently, genetically informative data rarely travel beyond the labs that collected 
the data or the consortiums they are a part of which rarely include social scientists 
in numbers to have an impact on the social science publication output. This limited 
culture of data sharing puts a break on scientific progress, keeps research costs in-
hibitively high, limits opportunities for additional publications through collaboration 
and the amount and visibility of research output.

Another factor that limits research on the heritability of social traits is the lack 
of know-how to conduct this type of research at the highest level. This stems from 
the separation between the fields of social science and behavior genetics and the lack 
of training in genetic methods in social science programs that would stimulate col-
laboration between the two fields.80 Christopher Zorn and Peter Hatemi have made a 
significant step toward narrowing this know-how gap by convincing the National Sci-
ence Foundation to fund political science participants in behavioral genetics work-
shops, funding that both the authors of this study and most of the social scientists 
cited here have directly benefited from.

However, even with such programs designed to democratize the field for young 
scholars, the twin studies line of research garners but a limited amount of interest 
among social scientists. This is due to the failure of the discipline to fully accept, 
engage with, and contribute to the conversation surrounding the genetic bases of at-
titudes and behaviors and to a lack of incentives to cross disciplinary boundaries, es-
pecially in the direction of natural sciences, and engage in interdisciplinary training 
and knowledge production. For example, a part of the research community in politi-
cal science has remained unconvinced by the relevance of the heritability findings81 
and by the entire research program in behavior genetics, remaining entrenched in 
the conventional social approaches and explanations for the origins of attitudes and 
behaviors. To garner the interest and engagement of this part of the research commu-
nity, the implications of the importance of biology for social phenotypes need to be 
better articulated. For it to develop and thrive in the future, the research program in 
the genetic bases of social traits requires a new afflux of data, interdisciplinary coop-
eration between socialization and behavior genetics researchers, and more theoreti-
cal development to better spell out the contributions of behavioral genetic findings 
to the social sciences.

Another type of genetic research relies on genotyping related or unrelated in-
dividuals in order to identify specific genes associated with a trait. However, for 
complex human traits including social or political ones, past decades of research 
in behavior genetics have failed to identify specific genes that are significantly as-
sociated with a trait and that stand up to rigorous replication. As it seems, no “poli-
tics gene” exists. As Hatemi argues, “[w]ith incredibly rare exceptions, individual 
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“genes” do not have a direct or even modest causal role in behavior (social or 
otherwise).”82 Genome-wide studies have shown that no matter the heritability 
of a complex social phenotype, individual genes (or single nucleotide polymor-
phisms—which includes both protein-coding genes and other regulating regions of 
the DNA) have no direct or significant impact.83 It could be tempting to seek sim-
plistic explanations especially with findings that attribute the majority of variance 
in key political variables (like turnout) to genetic effects,31 but giving into such 
temptations is not only misguided, it is simply incorrect. There is no and at this 
point, we are very certain there can never be a political gene. Complex behaviors 
are affected by many (probably thousands of) genes with tiny influences. This said, 
genetics does have a sizable overall impact on political behaviors, as well as on 
many complex human traits.

The interest of the popular media in such findings makes it that much more dif-
ficult to communicate the complexities of the processes at play when the headlines 
offer broad oversimplifications. Seeking to avoid this problem, Fowler and Dawes84 
titled the first political science study identifying specific genes linked to a political 
variable “Two Genes Predict Voter Turnout,” to highlight that there is no single politi-
cal gene. While more studies in this line of research followed, such as those by Dawes 
and Fowler85 and Settle et al.,86 the results of such candidate gene studies did not hold 
up to rigorous scrutiny. Therefore, the discipline, for the most part, considers most 
findings using this method wrong or misleading. In 2012, the leading field journal 
Behavior Genetics issued an editorial policy on the matter87 and the American Politi-
cal Science Review,88 a flagship political science journal, quickly followed suit. The 
results of such studies have relied on limited samples of several hundred participants 
and were not successfully replicated in larger and well-powered samples. Therefore, 
researchers now have to employ genetically informative sample sizes never before 
seen in the social sciences even in generally easy-to-collect surveys, which severely 
limits research output.

Despite the sizable heritability in ideology and other social phenotypes, no stud-
ies that meet the standards of genetic research have so far found a single nucleotide 
polymorphism to significantly correlate with social characteristics.83,38 This discrep-
ancy between the high heritability estimates found in twin studies and the lack of 
findings on genes that have a significant and substantive contribution to a phenotype 
has been dubbed the “missing heritability problem.”89 How come genes have such 
a strong cumulative effect, yet they cannot be identified? The main reasons for the 
failure to discover a significant contribution of any locus on the genome to complex 
traits such as attitudes are the lack of power in existing studies and the lack of full-
genome sequences.90 To overcome these limitations, there is a need for sample sizes 
in the millions, which are still far off in the future, if not unobtainable, given the 
current limited potential for large-scale cooperation and pooling of several samples 
with information on social traits of interest. In fact, highly heritable phenotypes like 
height or BMI also suffer from the missing heritability problem. The difference is 
that while almost all studies around the world that included some form of genotyp-
ing collected data on these characteristics—through the merging of hundreds if not 
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thousands of dataset—the missing heritability is starting to become less missing.91 
However, social phenotypes are not even comparable outside of local specific social 
and political contexts19 and, therefore, the sample sizes needed are practically impos-
sible to achieve even through the hypothetical study of the entire population. It is no 
wonder that the most successful attempts for identifying the missing heritability of 
a social trait were conducted on educational attainment, a characteristic that spans 
social contexts; many studies with a genotyping component would include it in the 
data collection.92–94

16.6 Conclusions
Twin studies have only gained in popularity in the social sciences in the last 10–15 
years, although the field of behavior genetics has studied various behaviors, attitudes, 
and dispositional traits pertaining to these fields for almost 50 years. Following 
initial surprise to the behavioral geneticists, genetic influences on political traits have 
become more widely accepted by political scientists as well, after a slow and uneven 
process. Currently, there is little surprise in finding that anything social turns out to 
also be partly heritable. People are not blank slates on which parents and society 
write codes only through socialization. A substantial amount of research has shown 
that genes play a significant role in attitudes, social traits, and interests, and that 
genetic explanations can complement and enhance the explanatory power of models 
that rely exclusively on environmental approaches. However, the complexities of the 
mechanisms that link genes to social traits are far from being clarified. Therefore, the 
next avenue for research in this field is to move beyond estimates of heritability and 
identify the mechanisms at work.

What is clear from the research conducted so far is that there is a little chance for 
any single gene to meaningfully affect complex behaviors such as voting, partisan-
ship, or any other social trait. No specific locus on the genome has been identified as 
responsible for anything but minute, indirect effects. Additive effects of any single 
gene summing to explain more than 1% of the variation in social phenotypes is con-
sidered a huge finding. Barring a limited number of phenotypes, usually diseases, no 
single gene exerts a sizeable effect for complex traits like attitudes and behaviors. 
Hence, any fears of social scientists that genetics is a deterministic mechanism with 
a universal effect should be laid to rest. Context is important and it can modify out-
comes. However, even if the quest for the “politics gene” is futile, twin studies still 
have valuable insights to offer to the social scientifically inclined.

Complex traits of interest to the social sciences arise from an intricate pathway 
of interactions between physiological and environmental influences. The explora-
tion of such gene × environment interactions (or gene–environment correlations) is 
one of  the research avenues to be pursued further, which will contribute to a bet-
ter assessment of both genetic and environmental influences. If some environmental 
stimulus changes the proportional impact of genetic factors in a phenotype, we can 
consider these environmental changes important. If a social trait is highly heritable 
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in one place and not at all in another, as it is the case for ideology in Hungary,38 then 
something really interesting is going on in how the social context influences the heri-
tability estimates and this certainly warrants further exploration. The real challenge 
will, of course, always be to understand the mechanisms of this change.

In the future, twin studies will likely be more fruitful in assessing the extent of 
environmental influences on various phenomena and helping specify the mechanism 
of socialization. Variation in the presence or absence of socialized phenomena and 
the power of extended family designs, incorporating the parents, siblings, spouses, 
and even children of twins,95,96 to dissect the shared family environment into its sub-
components will allow us to learn new facts about familial transmission processes for 
various social traits. Such extended family designs have been employed more often 
in genetics books and studies published in genetics publications97–99 than in social 
science journals.76

The new way of thinking about attitudes and social traits offered by behavior 
genetics has predictably faced resistance in the social sciences. For a hundred years, 
the field was tributary to environment-dominated explanations of the origins of so-
cial outcomes of interest and this assumption continues to hold considerable sway. 
While resistance to new ways of thinking is natural, twin studies have merit in 
contributing to our understanding of how social traits and attitudes come about and 
synergies between researchers of socialization and genetics will, hopefully, con-
tinue to add to that understanding. With new theories and good quality data more 
widely available to the next generations of researchers, twin studies can develop 
further into multivariate analyses with the inclusion of extended pedigree and stud-
ies of gene-by-environment interactions which will shed new light on the origins of 
social phenotypes.
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17.1 Introduction
Genetic research in the area of child and adolescent psychiatry has increased greatly 
in the past two decades. Through the establishment of large-scale twin studies, which 
combine longitudinal data collection from early childhood through to adolescence 
with detailed phenotypic assessments, evidence from twin research has substantially 
changed our understanding of the etiology and development of childhood psychiatric 
disorders and related traits.1 Based on more than 1000 published research articles, it 
is now clear that genetic factors play an important role in all psychiatric disorders.2 
Yet, the development of child psychiatric problems is the result of a complex interplay 
between genetic sensitivity and environmental risk-factors. Twin studies have not only 
established the relative influence of genetic and environmental factors in the etiology 
of child psychiatric disorders and traits, but also clarified developmental stability and 
change, causes of comorbidity, and begun to unravel complex gene–environment 
interplay. In this chapter, we provide an overview of what can be concluded about the 
etiology and development of childhood psychiatric disorders and traits from over two 
decades of twin research and discuss future direction for the field.

17.2 Heritability of childhood psychiatric 
disorders and traits
During the late 1980 and 1990s, a number of large twin registers and cohorts were 
established across the United States, UK, the Netherlands, Finland, and Sweden, with 
the aim of studying the early antecedents and development of psychiatric disorders 
and traits from childhood into early adulthood.1 Findings from these samples have 
provided heritability estimates for most common childhood psychiatric disorders and 
traits, with result firmly establishing that genetic factors play a role in all childhood 
psychiatric problems, thereby changing both clinical and public perception of 
several childhood disorders. Autism spectrum disorder (ASD) provide perhaps 
the most striking example: ASD is a relatively rare, early onset, and often severe 
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neurodevelopmental disorder that was long considered to be caused by cold parenting, 
commonly referred as refrigerator mothers.3 Early family studies of ASD showed 
that 2%–6% of siblings of children with ASD were themselves affected, which was 
nearly 100 times the population rate of diagnosed ASD at the time.4,5 Twin-studies 
have subsequently confirmed that ASD can be largely attributed to genetic factors, 
with heritability estimated between 60% and 90%, and minimal impact of shared 
environmental factors.2,3,6 High heritability has also been found for attention-deficit/
hyperactivity disorder (ADHD), which is the most common neurodevelopmental 
disorder today, with a prevalence of 5%–10% in childhood.7 Twin studies consistently 
estimate the heritability of ADHD to 70%–80% and find limited support for the 
influence of the shared family environment.2,8,9 Whilst less research has focused 
on other neurodevelopmental disorders, a study of nearly 11,000 twins aged 9- and 
12-year-old reported heritability of 70% for parent-rated developmental coordination 
disorder.10 The same study found the heritability of tics disorder to be somewhat 
lower (56%), which in line with two other population-based twin studies of parent-
rated tics in children.10–12 Twin studies of learning difficulties generally find moderate 
heritability, ranging from 40% to 60%,13,14 whilst studies of specific development 
disorders of langue, speech, scholastic skills, and motor functioning are largely 
lacking. A consistent pattern across twin studies of neurodevelopmental disorders 
in general, and ADHD and ASD in particular, is that there is limited evidence for 
the influence of the shared environment.2,9 In contrast, twin studies of externalizing 
problems of childhood (i.e., antisocial behaviors, aggression, oppositional defiant 
disorder, and conduct disorder) often find a substantial contribution of the shared 
environment.15 In a meta-analysis of twin and adoption studies of conduct problems, 
heritability was estimated to 45%–50%, whilst the shared environment accounted 
for 15%–20% of trait variance.16 Twin studies of internalizing disorders and traits 
in childhood (e.g., depression, anxiety, phobias, compulsive behaviors) generally 
show somewhat lower heritability (<50%) as compared to neurodevelopmental and 
externalizing disorders.2,17 Given that anxiety disorders often onset in childhood 
and are highly prevalent, with life-time prevalence at age 18 estimated to 32%,18 
numerous twin studies have focus on anxiety in childhood and adolescence. These 
studies have revealed low to moderate genetic influences on a wide range of anxiety 
measures including anxiety disorder, self-assessed and parent-reported disorder-
related symptoms, and trait anxiety.19–23 Twin research on depression prior to 
adulthood has primarily been conducted in adolescent population-based samples 
and focused on symptoms scores, with heritability estimated between 30% and 
50% and significant variation observed by sex, age, and rater, and generally much 
lower heritability estimated in younger children.24,25 Importantly, twin studies of 
internalizing disorder in childhood and adolescence have highlighted that more than 
half of the variance can be attributed to environmental factor, with many studies 
reporting a significant influence of the shared family environment.17,26

In summary, univariate twin and family based studies have unequivocally shown 
that all child psychiatric disorders and traits are heritable, yet the magnitude of 
genetic influence differ by disorder, as does the relative importance of the shared 
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and nonshared environment. In the remainder of this chapter, we move focus from 
univariate twin studies that estimate heritability of single disorders and traits, to 
multivariate and longitudinal research designs that utilize twin data to address im-
portant questions about etiology of childhood mental health across different levels 
of  symptom severity, comorbidity, and development. Finally, we discuss consider 
gene–environment interplay and twin-methods used to study genetic confounding.

17.3 Childhood psychiatric disorder and population 
traits have shared genetic origins
It is increasingly recognized that many psychiatric disorders reflect an extreme 
expression of normal variation in the population, emphasizing continuity in the 
underlying causes, meaning that psychiatric disorders and the trait expression in the 
general population differ only in degree, but not nature. In contrast, a categorical 
perspective views psychiatric disorders as qualitatively different from variation 
across the normal range of the trait expression in the population, and as having their 
own pattern of rather distinct causes, meaning that psychiatric disorders differ from 
the trait expression in the general population in both degree and nature.

A core question in the discussion around a categorical versus dimensional per-
spective on psychiatric disorders is the question of whether the etiological underpin-
nings are the same across different levels of severity of psychiatric disorders and their 
corresponding population traits. This question has to some extent been addressed 
in twin studies, using the so-called DeFries–Fulker extremes analysis,27 which ex-
plores genetic links between the extreme (clinical diagnosis) and the subthreshold 
levels of a trait by bringing together the dichotomized classification of psychiatric 
disorders (e.g., yes/no diagnosis) and the underlying quantitative dimension of the 
psychopathological construct (e.g., the total score of parent-rated symptom scale). 
The available research using the DeFries–Fulker analytic method has demonstrated 
statistically significant group heritability for some forms of child and adolescent psy-
chiatric conditions. One study of 16,366 Swedish twins explored the genetic link 
between the extreme and the sub-threshold variation of DSM-IV ADHD symptoms. 
The estimated group heritability was around 0.60, depending on the level of sever-
ity for the imposed cutoff.28 These findings are consistent with one early study of 
583 same-sexed twin pairs using DSM–III–R ADHD symptoms.29 Together, these 
studies suggest that ADHD is best viewed as the quantitative extreme of genetic and 
environmental factors operating dimensionally throughout the distribution of ADHD 
symptoms, indicating that the same etiologic factors are involved in the full range 
of symptoms of inattention, hyperactivity, and impulsivity. At least two twin studies 
using the DeFries–Fulker analytic method also support significant group heritabil-
ity using several different definitions of autistic-like-traits.30 Another study used a 
UK-based twin sample and applied a novel approach, referred to as the joint cate-
gorical-continuous twin model, to estimate the degree of etiological overlap between 
autistic-like-traits and categorical diagnoses of autism. This study reported a strong 



280 CHAPTER 17 Childhood development of psychiatric disorders

genetic correlation of 0.70 between autistic-like-traits and categorical diagnoses of 
autism.31 Few, if any, twin studies have estimated the group heritability for other 
forms of child and adolescent psychiatric disorders, such as depression, anxiety, and 
obsessive-compulsive disorder.32

17.4 Genetic contributions to comorbidity across 
childhood psychiatric disorders and traits
Comorbidity across psychiatric disorders is pervasive, representing the norm rather 
than the exception in child and adolescent psychiatry. An important question is 
therefore why psychiatric problems co-occur and multivariate quantitative genetic 
methods, which focus on investigating the covariance across conditions, are 
particularly suited to study how different psychiatric disorders cluster together and 
the extent to which comorbidity is explained by genetic and environmental factors. 
Multivariate twin studies have greatly advanced our understanding of the underlying 
causes of comorbidity in child and adolescent psychiatry. For example, ADHD and 
ASD could not be diagnosed together in the DSM-IV and the ICD-10, a demarcation 
that has been removed in DSM-5, in part due to cumulating evidence from bivariate 
twin studies showing a strong degree of genetic sharing across the two disorders.32 
A UK study of over 6000 twin pairs reported genetic correlations >0.50 between 
autistic-like-traits and ADHD-traits in the general population,33 with even stronger 
genetic overlap found in a study of parent-rated ASD and ADHD symptoms in 16,858 
Swedish twins, where the genetic correlation was 0.80.10 Anxiety and depression 
provide another example where twin studies have found comorbidity is largely 
explained by common genetic factors.34 In recent work,19 a sample of 578 twins 
assessed at mean age 8 and 10 years, and a sample of 2619 twins/siblings assessed at 
mean age 15, 17, and 20 years, were used to study comorbidity between anxiety and 
depression at different developmental stages. In childhood, depression symptoms 
showed largely distinct genetic effects from anxiety. However, from adolescence 
onwards, genetic influences were significantly shared between depression and 
all anxiety subscales(19). These results are in agreement with several prior twin-
studies suggesting a shared genetic basis for depression and anxiety that increases in 
magnitude with age.17,34–37

Genetic sharing is not only evident within the neurodevelopmental, internaliz-
ing, and externalizing spectrum but also across these dimensions. In a recent meta-
analysis of 31 twin studies of comorbidity in ADHD, the genetic correlations (rg) 
across ADHD and externalizing (rg = 0.49 [0.37–0.61]), internalizing (rg = 0.50 
[0.39–0.69]), and neurodevelopmental (rg = 0.56 [0.47–0.66]) traits were found to 
be of similar magnitude.38 Based on the evident high degree of genetic sharing across 
psychiatric disorders, there has in recent years been an increase of multivariate twin 
studies focused on analyzing shared etiology across broad dimensions of child psy-
chiatric disorders and traits. Two of the most common approaches to do so is the 
independent pathways model and the common pathway model,39 which can model 
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genetic and environmental influences on covariance across multiple traits as well as 
estimate the extent to which etiological factors are trait-specific (see Rijsdijk and 
Sham39 for an in-depth discussion of these models). Studies using variations of the 
independent and common pathway model have demonstrated that genetic influences 
tend to clusters within internalizing disorders and traits and within externalizing dis-
orders and traits. For example, Cosgrove et al. (2011) analyzed symptoms of depres-
sion, anxieties, ADHD, oppositional-defiant and conduct problems in a sample of 
1162 twin pairs and 426 siblings, and found that a latent internalizing factor and 
a latent externalizing factor provided the best fit to the data. Both factors where 
moderately heritable and correlated at 0.72, with 62% of the covariance between 
internalizing and externalizing problems explained by common genetic influences. 
Similarly, Lahey et al.40 analyzed data on 11 internalizing and externalizing psychi-
atric traits from 1571 pairs of 9–17-year-old twins. Result revealed two separate, but 
highly correlated (0.89), sets of genetic factors influencing the internalizing traits and 
the externalizing traits. Importantly, an alternative model which in addition included 
a general genetic factor that influenced covariance across all traits, was found to 
provide a better fit to data. A single latent genetic factor was also found to explain as 
much as 31% of shared variance in parent-ratings of ASD, ADHD, tics, and learning 
difficulties in a twin study of 6595 twin pairs aged 9-or-12 years.41 Together, this 
growing body of work suggests that psychiatric comorbidity is in part explained by 
a general genetic vulnerability that increases the risk for virtually all child and ado-
lescent psychiatric disorders and traits. This latent factor is commonly referred to as 
the general psychopathology factor, analog to the general factor of intelligence, and 
the heritability of such a general psychopathology factor in childhood was estimated 
to 43% in one twin study.42

Beyond establishing broad genetic sharing across disorders, multivariate twin 
studies have also highlighted the degree of shared versus specific etiological influenc-
es for more specific symptom presentations within a child psychiatric disorder. Tak-
ing ADHD as an example, twin-analyses have found similar heritability for symptom 
dimensions of inattention and hyperactivity/impulsivity,1,7 but only 50%–80% of ge-
netic influences are shared across the dimensions.21–24 It has also been demonstrated 
that dimension-specific genetic factors associates differently to comorbidities, with 
ODD/CD traits found to be more strongly genetically correlated with hyperactivity/
impulsivity than inattention,25 whilst learning difficulties are more closely genetically 
linked with inattention.26–28

Together, multivariate twin studies suggest a broad sharing of genetic risk across 
a general psychopathology factor,24,25 as well as genetic sharing across three broad 
subdimensions of neurodevelopmental, internalizing, and externalizing problems. In 
contrast, environmental risk factors appear to be largely disorder/trait specific, sug-
gesting that whilst genetic drive co-occurrence of childhood psychiatric disorder, 
environmental influences across developmental is what sets childhood-onset disorder 
apart. Findings from twin studies regarding the broad genetic sharing in psychiatry 
have already informed design and methods development in molecular genetics and 
neuroimaging psychiatric research.43–45 Further, multivariate twin-studies have also 
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been used to illustrate a degree of genetic specificity for symptoms dimension of 
some child psychiatric disorders (e.g. ADHD, various types of phobias and anxiety), 
and their etiological associations with other childhood psychiatric traits and disor-
ders. Future efforts in twin research have the potential to generate a more in-depth 
understanding of both the specific and broadly shared etiologic (genetic and environ-
mental) structure underlying not just psychiatric disorders, but also a broader disease 
spectrum that includes comorbid somatic and neurologic conditions.

17.5 Stability and change in the development 
of childhood psychiatric disorders and traits
Given that childhood and adolescence are periods of rapid physical and mental 
growth, accompanied by profound changes in the social environment, a key issue in 
child psychiatry is how etiological factors influence the development of psychiatric 
disorders over time. In twin studies, two issues are relevant to do consider; first, 
does the degree to which genetic and environmental influences account for variance 
in a disorder change across time; and second, are the genes and environments that 
contribute to a disorder earlier in childhood the same as those that contribute later 
in adolescence? Longitudinal twin studies, where the same traits are measured in 
the same individuals on multiple occasions, are particularly suited to address such 
research questions.

Numerous twin studies have focused on the development of ADHD from child-
hood into early adulthood since it well established that ADHD symptoms, particu-
larly hyperactivity/impulsivity, often decrease with age.46 For example, in a study 
of 4000 young twin pairs with parent-ratings of ADHD symptoms collected at ages 
2, 3, 4, 7, and 8 years, the Cholesky decomposition47 (i.e., a longitudinal approach 
which provides age-specific estimates of A, C, D, and E, as well as estimates of the 
extent to which genetic and environmental factors that explain variance at one age 
continue to influence variance in the same trait at later ages) revealed that the herita-
bility of ADHD was high at all ages (0.77–0.86), and a moderate phenotypic stability 
between ages that was mainly explained by stable genetic influences. In addition, 
there was evidence of new genetic influences, not shared with those acting earlier on, 
emerging at later ages.48 A recent twin study applied latent growth modeling, that is, 
models which estimate genetic and environmental contribution to an intercept, repre-
senting the mean baseline level of a trait, and a slope, representing the mean change 
in that trait across measured time points, to study the developmental course of ADHD 
symptoms between ages 8 and 16 years in a sample of 8395 UK twin pairs.49 Re-
sults showed that hyperactivity/impulsivity symptoms decreased sharply across time 
points, and more importantly, that although genetic factors were important for varia-
tion in both baseline symptoms and the change in symptoms over time (heritability 
was 81% and 90%, respectively), only around 40% of the genetic factors influencing 
baseline symptoms were shared with those underpinning the developmental course 
of hyperactivity/impulsivity symptoms. This pattern of results, with high heritability 
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at each age and evidence of both genetic stability, but also new genetic factors emerg-
ing at different developmental stages (referred to as genetic innovation), has been 
replicated in several developmental twin studies of ADHD.50–52 In general, change 
in ADHD symptoms has been found to be explained by both genetic innovation, 
and age-specific nonshared environmental influences across mid-childhood and ado-
lescence.53 Much less twin research has investigated the etiology of ASD beyond 
childhood, however, studies addressing continuity in autistic-like-traits in the general 
population find strong evidence for genetic stability across ages, which is in line with 
the persistent nature of clinical ASD. A study of more than 6000 twin pairs followed 
from ages 8 to 12 years of age showed that autistic traits are relatively, with moder-
ately to-highly heritable at each age. Moreover, phenotypic stability across ages was 
largely accounted for by genetic factors.54 Similar results were found in a sample 
of 2500 twin pairs assessed at age 9 or 12 years and again at age 18. Although the 
stability of autistic-like-traits from childhood to early adulthood were weaker than 
that reported in younger ages, 85% of the phenotypic correlation across ages was 
explained by stability in additive genetic factors.55

Conduct problems, aggression, and antisocial behaviors from early childhood to 
mid-adolescence have been analyzed in at least 20 longitudinal twin-studies. Over-
all, a majority of studies have reported moderate-to-substantial phenotypic stability 
in externalizing problems, which is primarily explained by stable genetic factors, 
However, unlike for ADHD, stable shared environmental influences also appear to 
contribute to phenotypic stability.53 In terms of age-related changes in aggression, 
conduct problem, and antisocial behaviors, both genetic, shared and nonshared envi-
ronmental innovation have been found to be in play. In a UK sample of >3000 twins 
pairs assessed for conduct problems at age 4, 7, 9, 12, and 16, age-to-age correlation 
was around 0.5, with heritability estimated around 50%–60% at all ages. Both ge-
netic (12%–22%) and shared environments contributed to stability (3%–17%) from 
age 4 to age 16, whereas symptom change over time was partly attributed to shared 
environments in childhood (3%–8%), and genetic (23%–40%) and nonshared en-
vironmental (19%–25%) innovation across all ages.56 Notably, there is evidence of 
sex differences in the development of antisocial behaviors, reflected by a stronger 
influence of genetic factors on age-to-age stability in females, whilst shared-environ-
mental factors also play a role in males.57–59 For example, in a study of 1226 twin 
pairs, correlations between parent-rated antisocial behaviors at age 8–9 years and 
self-rated antisocial behaviors at age 13–14 years was entirely explained by stable 
genetic effects in females, whereas genetic (39%–40%) and shared-environmental 
factors (47%–51%) contributed equally in boys.57

Twin studies of anxiety and depression have often reported an increasing herita-
bility from early childhood (with heritability estimates ranging from zero to low) into 
adolescence (where heritability estimates are around 30%–50%),17,24,60 although not 
all studies find a pattern of increasing heritability.61–63 However, it is important to 
note that changes in heritability across ages mat not only arise from true etiologi-
cal changes but are sometimes better explained by methodical effects of changing 
assessment tools and rater over time. Specifically, parents- and teachers-report, 
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which are commonly used in childhood, and self-ratings, which are often used in 
adolescent, can tap into different, situation-specific behaviors. Further, moving from 
a single person rating both twins in a pair, to relying on each twin rating themselves 
tends to increase environmental variance, which can affect heritability estimates.61,64 
Such issues can partly be circumvented by using multi-rater models, where herita-
bility is estimated for a latent factor, reflecting the shared variance between parents, 
teacher, and twin self-ratings, thereby accounting for rater- and time-specific effect. 
A multi-rater Cholesky decomposition was used to study development of anxiety/
depression symptoms in a prospective, 4-wave longitudinal twin study with parent 
and self-reported assessment at ages at ages 8–9, 13–14, 16–17, and 19–20 years. 
When doing so, heritability estimates for anxiety/depression were high at all ages, 
ranging from 72% to 89% with no evidence for shared environmental influences.65 
In a comprehensive systematic review of longitudinal twin-studies,53 evidence from 
18 studies of various internalizing conditions, spanning the age range of 4–18 years, 
generally converged to highlight that genetic factors are predominant in driving sta-
bility, and new non-shared environmental factors in driving change in anxiety, fear, 
obsessive-compulsive, and depressive symptoms from childhood into adolescence. 
Genetic innovation appears to be of less importance for internalizing disorders and 
traits, and has in several studies been found to be limited to childhood, suggesting 
that the emergence of new genetic factors attenuates later in development.53

In summary, evidence from longitudinal twin studies have shown that stability 
in psychiatric disorder and traits across development is often largely explained by 
genetic stability, whereas environmental factors are more likely to be age-specific 
and responsible for change.53 Age-dependent changes in heritability have been found 
for some internalizing and externalizing childhood psychiatric disorders and traits. 
Nevertheless, changes in raters (i.e., parent, teachers or self-report) and assessments 
instruments across time can also influence results in longitudinal studies and require 
careful considerations when interpreting evidence from longitudinal samples.64 To 
date, there is still a lack of prospectively collected twin data with sufficient follow-up 
time for many important child and adolescent psychiatric disorders, most notably for 
ASD and other neurodevelopmental disorders.

17.6 Environmental influences on the developmental 
of childhood psychiatric disorders and traits
Twin studies have provided important insights on the role of the environment in the 
development of childhood-onset psychiatric disorders and traits. First, twin studies 
provide some of the strongest evidence that that environmental factors play a crucial 
role in childhood psychiatry, since no childhood psychiatric disorder shows 100% 
heritability. Second, twin studies allow researchers to study the different pathways 
through which environments influence the development childhood psychiatric 
disorders and traits.66 One surprising, yet robust, finding from twin studies is that the 
shared family environment only accounts for a small amount of variance for many 
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childhood psychiatric disorders. In a meta-analyses of over 490 twin and adoption 
studies of childhood and adolescent psychopathology, shared familial factors (C) 
were found to account for 10%–19% of the variance in conduct disorder, oppositional 
defiant disorder, anxiety, depression, and broad dimensions of internalizing and 
externalizing problems. ADHD was the only childhood disorder to show no influence 
of C, suggesting that familial resemble for ADHD is solely driven by genetic factors.15 
Results also showed that the influence of the non-shared environment (E) was greater 
than C for all the included child psychiatric disorder. This does not mean that early 
family environment is unimportant, but rather it suggests that children from the same 
family are impacted by the shared environment in different ways. Differences in 
how children respond to their environment may in turn be partly driven by genetic 
differences, a phenomenon referred to gene–environment interplay.

A substantial number of twin studies have explored the relative contribution of 
genetic and environmental influences on many putative environmental measures, such 
as videotaped observations of parenting, as well as self-report measures of parenting 
styles and life events.67 These studies generally reveal pervasive evidence for genetic 
influences across all types of environmental measures. A meta-analysis of twin stud-
ies reported an average heritability estimate of 27% across 35 different environmental 
measures. This included not only measures of the family environment, but also mea-
sures of peer groups, classroom environments, neighborhood characteristics, and life 
events.68 Finding genetic influences on environmental measures provide evidence for 
gene–environment correlation (rGE), which refers to a correlation between a person’s 
genetic disposition and the environments they inhabit. Three forms of rGE have been 
described within the twin- and family-research literature: passive, active, and evoca-
tive.69 First, passive rGE describes the association between an individual’s genotype 
and the environment in which the individual is raised, both of which are provided by 
the individual’s biological parents. For example, a child may inherit genetic factors 
involved in conduct problems from his or her parent in whom the same genetic factors 
may be involved in harsh parental discipline. Second, active rGE involves the geneti-
cally influenced behavior of the individual seeking out an environment that “match-
es” the individual’s genotype. For example, a child’s genetically influenced conduct 
problems may lead the child to actively seek confrontation with their parents. Third, 
evocative rGE involves the genetically influenced behavior of the individual seeking or 
evoking a particular response from the environment. For example, a child’s genetically 
influenced conduct problems may evoke harsh discipline from their parents.

One useful approach to further understand the processes that underlies rGE in-
volves multivariate twin analysis, described in previous sections, using data from 
an environmental measure and a measure of a child psychiatric disorder or trait. In 
this approach, any type of rGE (passive, evocative, or active) is indicated if genetic 
effects on the environmental measure overlap with genetic effects on the measured 
psychiatric disorder or trait. In one twin study, bivariate genetic analysis was used to 
test the contribution of genetic and environmental factors to the association between 
parent–child hostility and ADHD symptoms in a twin sample of 886 twin pairs, 
aged 11–17 years. Results revealed that reported associations between parent–child 
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hostility and child ADHD symptoms could be largely attributed to genetic factors.70 
Another study using this approach indicated that a substantial part of the associa-
tion between parental negativity and antisocial behavior and depressive symptoms 
in offspring could be attributed to genetic factors.71 Burt et al72 fitted a cross-lagged 
twin model to data on parent–child conflict and children’s antisocial behavior as-
sessed by maternal reports as well as child reports. Both parent–child conflict and 
antisocial behavior at age 11 were found to independently predict the other at age 
14, providing support for a bidirectional effect model that allows for both parent-
driven and child-driven processes. In addition, the result indicated that both the 
parent-driven and child-driven effects were a function of both genetic and environ-
mental influences. Thus, this study suggests, on the one hand, that parent–child con-
flict contributes to childhood antisocial behavior via environmental mechanisms, 
but also that genetically influenced antisocial behavior evoke parent–child conflict. 
Similar findings of bidirectional effect for antisocial behavior has been observed in 
other samples and with other measures of parenting,73 whereas genetically influ-
enced child-effects has been found to have a more pronounced effect for internal-
izing problems.74 Although several twin studies have explored the role of rGE for 
measures of ADHD, depression, and antisocial behaviors, little is known about such 
processes for the development of ASD.

One implication of rGE is that the correlation between a putative environmental 
measure and a child psychiatric disorder may not necessary reflect environmental 
causation. In other words, the association between an environmental risk factor and 
a child psychiatric outcome may be confounded by genetic factors. Disentangling 
whether an association between environmental risk factors and child psychiatric out-
comes reflect environmental causation, genetic and/or environmental confounding, 
or are indicative of other complex reciprocal processes is crucial to further our under-
standing of the etiology and course of child psychiatric disorders, and has important 
implications for prevention strategies. One useful approach to address such questions 
is the co-twin control design. This is a special type of twin design that allows for a 
focused test of the potential influence of genetic and environmental confounds un-
derlying the association between a specific risk factor and an outcome.75 Specifically, 
twin siblings share genes (i.e., monozygotic, MZ, twin pairs have identical genomes, 
whereas dizygotic, DZ, twin pairs share on the average 50% of their segregating 
genes), intrauterine exposures, maternal factors, early environments and have identi-
cal gestational age. If an association between a specific risk factor and an outcome in 
a cohort of twins remains at the within‐twin pair level, then factors specific to each 
individual is probably involved in the underlying causal pathway. In contrast, if the 
association disappears or substantially attenuates in the within‐twin pair comparison, 
then familial factors (genetic and/or shared environments) are supported.75 A number 
of co-twin control studies in childhood have explored the association between birth 
weight and ADHD. These studies have overall demonstrated that lighter‐born twins 
have elevated ADHD symptoms compared to heavier‐born twins,76–80 which suggest 
that environmental effect involved in lower birth weight are in the causal pathway 
to elevated risk of ADHD symptoms. Another useful method to study genetic and 
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environmental confounds in associations between parent and child characteristics is 
the children-of-twins (CoT) design. Whilst there are several types of CoT designs, 
all involve using samples of twin parents and their children in order to distinguish 
genetic and environmental effects on the association between parents and children 
phenotypes. This is achieved by making comparisons of the relative magnitude of a 
series of intrafamilial correlations.81,82 For example, CoT studies that include both 
MZ and DZ twin parents contrast the magnitude of the correlation between MZ and 
DZ twin parents, across their children and across parent–child, allowing for the es-
timation of the genetic and environmental contribution to the parent phenotype, the 
child phenotype, and the phenotypic association between the parent and child.82 CoT 
studies suggests that associations between parent and child anxiety and depression 
appear almost entirely explained by environmental transmission rather than genet-
ics, suggesting that growing up with parent with anxiety or depression increases the 
risk of offspring risk of emotional disorders even after accounting for shared genetic 
factors between parent and child.82–84 In contrast, two CoT studies have found that 
intergenerational transmission of antisocial behaviors is explained by both genetic 
and environmental factor, with parental.85,86

In summary, twin studies have shown that there is a complex relationship be-
tween genes and environments in the development of child psychiatric disorders and 
traits. Clearly, environment is not an easily defined concept. Twin studies have shown 
that virtually all environmental factors suggested to be associated with child psy-
chiatric disorders are, to some extent, influenced by genetic factors. However, twin 
studies have also been vital in identifying environmental factors that show persistent 
association, even after controlling for genetic confounding.

17.7 Implications & concluding remarks
In this chapter, we have described how twin research has advanced the understanding 
of how genetic and environmental factors contribute to developmental stability and 
change, causes of comorbidity, and complex gene–environment interplay for child 
psychiatric disorders. The key question is no longer “if” genetic factors are important, 
but rather “how” genetic factors influence the development of child psychiatric 
disorders and traits across time and in interplay with environmental factors. We 
conclude that multivariate and longitudinal quantitative genetic methods can be used 
to address fundamental questions about the etiology of child psychiatric disorders 
and traits across different levels of symptom severity, comorbidity, and development, 
as well as the influence of gene–environment interplay in child psychiatry. Several 
criticisms have (mostly historically) been raised against twins studies,87–89 primarily 
questioning the so-called “equal environment assumption.” However, numerous 
studies aiming to evaluate this (and other) assumption(s) converge to suggest that 
the twin method provide largely valid estimates.90–93 Importantly, advances in 
molecular genetic techniques in recent years have replicated many findings from twin 
research,32, 94–96 providing further support for the validity of the twin method. This 
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is essential, given that molecular genetic studies are very suitable for studying the 
genetics of constructs which are easily measured in very large samples, preferably 
hundreds of thousands of individuals (e.g., educational attainment or broad concepts 
of psychopathology), whereas many of the burning issues in the development of 
psychopathology requires more in-depth data collections. Thus, we believe that twin 
studies will continue to play a crucial role in research of child psychiatric disorders 
and traits also in the future. We have in this chapter highlighted several questions that 
need to be addressed in future quantitative genetic research. In particular, there is a 
lack of twin studies with long-term follow-up for many important forms of child and 
adolescent psychopathology, and more twin research is needed to clarify the role of 
gene–environment interplay and the impact of genetic confounding for associations 
between putative “environmental” risk factors and different forms of child psychiatric 
disorders and traits. A better understanding of genetic confounding is an important 
step toward identifying new, early intervention targets.
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18.1 What is well-being?
Within the past decade, there has been increasing interest in well-being (WB) as a 
research topic across different disciplines, including the field of behavior genetics. 
Moreover, there is a growing global recognition of WB as an important public 
policy goal, as shown through population-based surveys initiated by governments 
with the aim of systematic consideration of WB to inform decisions.1–3 In this 
chapter, we discuss the relevance of behavioral genetic (twin-)studies to increase our 
understanding of individual differences in WB.

The term “well-being” embodies a multitude of concepts with varying mean-
ings depending on context and discipline. Here, we focus on the meaning of WB as 
employed in psychology and social sciences. It is important, though, to first briefly 
mention its philosophical origin. Two ancient philosophical traditions are relevant in 
this context: hedonism and eudaimonism.4 The hedonist tradition dates back several 
centuries before Christ, to philosophers such as the Cyrenaics who believed that 
pleasure was the highest good, and central to happiness or WB.5 Thus, in the an-
cient hedonist definition, WB or happiness is equated to the sum of one’s pains and 
pleasures. Eudaimonism, on the other hand, has a definition that is quite different 
from the hedonist perspective. Influenced by Aristotle’s virtue ethics, the eudaimonic 
view on happiness centers around living a virtuous life.6 From this point of view, 
the greatest fulfillment in life will come with the realization of one’s potential and 
finding meaning in life. These descriptions provide only a brief overview of the two 
philosophies, but they do illustrate the appreciable distinction that exists between 
their definitions of WB.

In the current psychological literature, a distinction is often made between “sub-
jective” well-being (SWB) and “psychological” well-being (PWB). This distinction 
can be traced back to the ancient distinction between hedonic and eudaimonic WB, 
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with SWB following from the hedonic tradition and PWB from the eudaimonic tradi-
tion. While different definitions exist, SWB is mostly characterized by high levels of 
positive affect, and low levels of negative affect, translating into a subjective evalu-
ation of high satisfaction with life.7 While life satisfaction reflects a more cognitive 
evaluation of WB that is not necessarily in line with hedonist ideas about happiness, 
the positive and negative affect dimensions of SWB are highly similar to the hedonist 
ideas about balancing pleasure and pains. Similar to how the eudaimonic definition 
was formulated as a response to the hedonic definition, the PWB definition was for-
mulated as a response to the SWB definition. A critique of the SWB definition is that 
it does not capture important aspects of positive psychological functioning, such as 
self-fulfillment.8 Therefore, PWB definitions of WB aim to include broader domains 
of positive functioning. For example, in Carol Ryff’s definition of PWB, included 
domains are self-acceptance, positive relations with others, autonomy, environmental 
mastery, purpose in life, and personal growth.8

Theoretically, the distinction between SWB and PWB is clear. Empirically, how-
ever, the distinction is less clear-cut. While most research finds that WB is comprised 
of multiple related, yet conceptually distinct underlying dimensions,9,10 discussion 
remains concerning the extent to which these underlying factors are correlated. More-
over, results indicate that there is a large overlap in the set of genes that influence 
SWB and PWB, with a higher genetic correlation than phenotypic correlation.11,12 
Additionally, many different measurement instruments are available to assess (dif-
ferent aspects of) WB.13,14 This further complicates our interpretation of the inter-
relatedness of different WB constructs as these different measurement instruments 
might introduce additional variance.

Twin studies help us understand WB in multiple ways. First and foremost, by 
partitioning the variance of WB into genetic and environmental sources of variation, 
twin studies enable us to interpret the causes of individual differences in WB (Sec-
tions 18.2 and 18.3). Second, by examining the genetic and environmental sources 
of variation in phenotypes highly related to WB, we come one step closer to under-
standing the complexities of the WB construct (Section 18.4). The knowledge gained 
from existing twin studies of WB has fueled follow-up in-depth analyses in both 
genetic and environmental directions (Section 18.5), which again have led to the 
development of novel, more complex twin designs (Section 18.6). In what follows, 
we present these past, present, and future directions of research, demonstrating the 
transformational effect this research has had on our understanding of WB.

18.2 Earlier reviews on twin studies on well-being
In 2015, two comprehensive reviews on the causes of individual differences in 
WB were published.15,16 Results of these twin-family studies into the genetic and 
environmental influences on WB revealed a range of heritability estimates, but 
when meta-analyses were used to estimate heritability across the studies the meta-
analytic results converged on the heritability estimate. In the book chapter of Nes and 
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Roysamb, the weighted average heritability, across 13 independent studies including 
more than 30,000 twins (aged 12–88) from seven different countries, was estimated 
to be 40% (CI: 37%–42%).16 Similarly, in the paper by Bartels, the weighted average 
heritability of WB, based on a sample size of 55,974 individuals, was 36% (34%–
38%), while the weighted average heritability for satisfaction with life was 32% 
(29%–35%) (n = 47,750).15

These similar results, with an overlapping confidence interval, provide a more 
robust estimate of the genetic influence on WB. Both reviews and meta-analyses 
showed that both genetic and environmental influences are important for variation in 
WB. The meta-analyses indicate that genetic influences on WB are mainly additive 
and that the environmental influences appear to be nonshared.

18.3 New findings of twin studies on well-being
Since 2015, the twin design has been used in an additional 15 studies to investigate 
the heritability of WB using different measures of WB, and in combination with other 
variables, such as depression or social support, as described later. Fig. 18.1A and B 
summarizes the heritability estimates of all included twin studies in the earlier meta-
analyses, and of the recent twin studies on WB. In addition, Table 18.1 summarizes 
the designs and findings of the recent twin studies of WB. The heritability estimates 
of the recent studies on WB vary somewhat (range: 0.27–0.67), but are mostly in 
line with the previous meta-analytic estimates. The effect of a shared environment 
is small but significant in a few studies in younger participants. In contrast to earlier 
studies, none of the recent studies reported evidence for nonadditive genetic effects.

Besides investigating the heritability of WB, many recent studies used the bivari-
ate or multivariate approach to investigate the (genetic and environmental) covariance 
between WB and other variables. For example, Haworth and colleagues17 reported 
moderate genetic correlations with depressive symptoms, Wang and colleagues18 
with social support, Wootton and colleagues19 with positive and negative life events, 
and Luo et al.20 reported a moderate genetic correlation with self-enhancement. Van 
t’ Ent and colleagues21 reported nonsignificant genetic correlations with subcortical 
brain volumes. In a small Polish twin sample, Milovanović et al.22 and Sadiković et 
al.23 investigated the covariance of life satisfaction with emotion regulation and per-
sonality traits. The genetic correlation with various forms of emotion regulation var-
ied between 0.53–0.86. The genetic correlation between WB and personality traits 
varied from 0 (openness and agreeableness) to 0.61–0.71 (conscientiousness, extra-
version, and neuroticism). The heritability of life satisfaction in relation to personal-
ity traits has also been investigated by Røysamb and colleagues in a larger sample.24 
The heritability of life satisfaction was estimated at 31% (22%–40%), of which 65% 
was explained by personality-related genetic influences (mainly neuroticism and 
 extraversion). The remaining genetic variance was unique to life satisfaction.

Thege and colleagues25 investigated genetic and environmental influences on 
happiness, life satisfaction, and general WB in a small Hungarian twin sample. The 
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FIG. 18.1 (Continued)
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FIG. 18.1

(A) Heritability estimates for well-being. F = females, M = males, F/M = males and 
females, S = siblings. (B) Heritability estimates for well-being. F = females, M = males, 
F/M = males and females, S = siblings.
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results indicate a heritability of life satisfaction and general WB of 67% and 45% 
with no shared environmental effects. Happiness had a negligible heritability (0%), 
whereas 38% of the variance was explained by the shared environment. Due to the 
small sample, these results should be interpreted with caution.

A recent study in a Dutch twin sample26 investigated the contribution of genetic 
and environmental factors on WB and depression across the lifespan. Genetic fac-
tors explained a substantial part of the phenotypic variance in WB during childhood, 
adolescence, and adulthood (range 31%–47%). In the younger samples, shared en-
vironmental influences explained a large part of the variation, but these disappeared 
with age. Regarding the association between WB and depression, the contribution of 
genetic factors increased from childhood to adolescence, meaning that environmen-
tal factors are important in explaining the relationship between WB and depressive 
symptoms in childhood, while in adolescence genetic factors play a larger role.

Whereas most recent studies used the most popular WB measures (e.g., the Sat-
isfaction with Life Scale, Subjective Happiness Scale, or Cantril ladder), Routledge 
and colleagues27–29 designed the COMPAS-W scale. The COMPAS-W scale is a 
composite index of subjective (hedonic) and psychological (eudaimonic) WB. The 
heritability of WB measured using this scale was estimated at 50%. Additionally, 
about half of the genetic influences on WB were shared with symptoms of depres-
sion and anxiety. Furthermore, Chilver et al. reported a small genetic association 
between WB and brain activation, as reflected by electroencephalography (EEG) 
power.30 Recently, Jamshidi and colleagues compared the heritability estimates of 
the COMPWAS-W scale, Satisfaction with Life scale, and single-item measures of 
life satisfaction and quality of life.31 Heritability estimates ranged from 23% to 47%, 
with the heritability of single-item questions being lower than multiple-item scales.

Lastly, Haworth and colleagues32 investigated the effect of a WB intervention 
on the genetic and environmental variance components. The intervention lasted 
10-weeks and consisted of online kindness and gratitude tasks. WB improved during 
the intervention and was significantly higher at follow-up. The contribution of genet-
ic influences to the phenotypic variance remained consistent before, during, and after 
the intervention (respectively, 48%, 45%, and 48%). The contribution of nonshared 
environmental influences also remained constant, but new nonshared environmental 
influences emerged over time in response to the intervention. Thus, genetic influ-
ences stayed largely the same, whereas new environmental influences explained the 
changes in WB in response to the intervention.

To summarize, although the studies in the previous meta-analyses and the 15 
newer studies use different types of contexts, WB measures, and sample sizes, the 
results seem to converge on a heritability estimate of about 40 to 50%.

18.4 Related phenotypes
As described in the previous sections, WB is not a unitary construct. Besides the 
multidimensionality of the construct itself in terms of its definition, there are also 
many phenotypes that are closely related to WB. We can identify different classes 
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of these related phenotypes: unfavorable outcomes that are negatively related to WB 
(e.g., depressive symptoms26), related but clearly distinct traits such as personality 
characteristics,12 and highly related phenotypes that are sometimes difficult to 
conceptually separate from WB. In this section, we focus on the insights that twin 
studies have brought us for this last class of phenotypes. Specifically, we focus on 
optimism, meaning in life, self-esteem, and resilience.

18.4.1 Optimism
Optimism can be defined as the general expectation of positive versus negative 
outcomes in different domains of life and is often measured using the Life Orientation 
Test (LOT) or LOT-revised (LOT-R).33 In the context of WB, optimism is related to 
lower negative emotions and higher, positive affect, and life satisfaction.34–36 A large 
meta-analysis estimated phenotypic correlations of around 0.50 between optimism 
and the different aspects of WB.37

Fig. 18.2A provides an overview of the heritability estimates reported for opti-
mism from the existing literature. All studies in this figure used the 6-item LOT-R 
to measure optimism,19,38–43 with the exception of Plomin et al.44 and Yuh et al.,45 
in which the 4-item LOT was used, and Mavioğlu et al.38 and Whitfield et al.46 
whom used the 3-item LOT-R. Plomin et al.44 were the first to study the causes of 
individual differences in optimism. Using a twin/adoption design, a heritability of 
23% was reported for LOT-measured optimism, with the remaining 77% of the 
variance being accounted for by nonshared environmental factors. As depicted in 
Fig. 18.2A, the heritability estimates from later studies do not differ substantially 
across different studies, even though there is much variability in the confidence 
intervals.

18.4.2 Meaning in life
The meaning in life construct, like WB, knows many different operationalizations. 
One popular view on meaning in life is that it is a tripartite structure, consisting 
of three distinct subdomains: comprehension (one’s life making sense), purpose (a 
sense of direction in life), and mattering (a sense of life having inherent value).47,48 
The relationship between WB and meaning in life is complex. While meaning in 
life can be viewed as an important part of eudaimonic/psychological WB,8 it might 
also be interpreted as a route to or consequence of WB.49,50 A correlation of around 
0.50 has been reported between meaning in life and WB, i.e. life satisfaction or 
psychological WB.51–53

There have only been a few twin studies so far focusing on meaning in life (see 
Fig. 18.2A). As is evident from Fig. 18.2A, most studies find heritability estimates 
that are medium in effect, ranging from 33% to 52%.18,19,54 Yet, Thege and col-
leagues report a heritability of 0% in their analysis of meaning life. However, given 
that the sample in this study was smaller than the previously described studies, these 
findings should be interpreted with caution.41
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FIG. 18.2 (Continued)
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FIG. 18.2

(A) Heritability estimates reported for well-being related phenotypes. F = females, 
M = males, M/F = males and females. (B) Heritability estimates reported for well-being 
related phenotypes. F = females, M = males, M/F = males and females.
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18.4.3 Self-esteem
The scientific study of self-esteem is one that has produced an abundance of literature. 
Often measured using the Rosenberg self-esteem scale,55 self-esteem can be defined 
as one’s affective or evaluative appraisal of the self, or the extent to which a person 
(dis)likes him- or herself.56 Two components are central in the assessment of self-
esteem: the level (i.e., the general appraisal of yourself), and the stability over time of 
this appraisal.57 Moreover, we can interpret an individual’s general self-esteem, but 
within a person self-esteem can also vary across different domains (e.g., intellectual, 
cultural). The correlation with WB is strong, as estimates of 0.50 and higher were 
reported.58,59

In a literature review performed in 2002, the results from behavioral genetic 
studies on self-esteem thus far were summarized.57 For the review, results were 
split up for the level and stability of self-esteem, and within these categories, for 
general and domain-specific self-esteem. For the level of self-esteem, the results 
from different studies did not always converge. Nevertheless, overall it seems that 
about 30%–40% of individual differences in self-esteem level can be explained by 
genetic factors and that the remaining variation is accounted for by unique (but 
not shared) environmental factors. For domain-specific self-esteem levels similar 
results were reported, with heritability estimates around 50%, and a small or no role 
for shared environmental influences, both in childhood and adulthood. Yet, depend-
ing on which domain was studied, there is quite some variation in the estimates. For 
example, McGuire et al.60 examined the level of self-esteem in the following five 
domains: scholastic competence, athletic competence, physical appearance, moral-
ity, and friendship. While the heritability of self-esteem in the scholastic domain 
was estimated at 61%, the heritability for self-esteem in friendship was substan-
tially lower, 10% (also depicted in Fig. 18.2B). While there was less literature avail-
able for self-esteem stability, the heritability of stability in self-esteem seems to be 
similar to or even higher than the heritability at one time-point, with heritability 
estimates a little over 50%. This was true for both global self-esteem and domain-
specific self-esteem.

Since this meta-analysis, many other twin studies on self-esteem have been pub-
lished (see Fig. 18.2B). As can be seen in Fig. 18.2B, the heritability estimates varied 
considerably. However, this is likely due to the different definitions used for self-
esteem, and the different age groups examined. For example, Jonassaint reported 
that in early adulthood, self-esteem is almost completely determined by the unique 
environment, with no role for genetic factors.61 Raevuori and colleagues looked at 
genetic and environmental factors affecting self-esteem in boys and girls from age 14 
to 17.62 Their results show that the heritability of self-esteem is higher in boys than 
in girls in this age group.

18.4.4 Resilience
Psychological resilience can be defined as an individual’s ability to recover after 
the experience of stress or trauma, returning to an optimal mental state, or as the 
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psychological outcome after adverse events.63 Resilience and WB have been 
associated with many studies with a phenotypic correlation of around 0.50, and 
especially strong links between resilience and the cognitive and affective components 
of WB have been reported.64 Resilience has been studied in different twin studies 
(Fig. 18.2A), but again with varying definitions of the construct. For example, Kim-
Cohen and colleagues investigated individual differences in behavioral and cognitive 
resilience of children after economic deprivation (defined as lower antisocial behavior 
and higher IQ than predicted), and reported heritability estimates of 71% and 46%, 
respectively.65 Hansson and colleagues performed analyses on specific resilience 
concepts (sense of coherence, mastery, self-directedness, self-worth, humor, and 
optimism), and estimated a moderate heritability of around 33%. Analyses of scales 
aimed at measuring psychological resilience reveal an even greater range of variation 
in heritability estimates. For example, using the Connor-Davidson Resilience Scale,66 
Wolf and colleagues estimated the explained variance of additive genetic effects and 
shared environment in military male twins at 25% and 15%, respectively.67 However, 
in adolescents, the heritability of a latent resilience factor was estimated at 78% and 
70% in boys and girls, using the Ego-Resilience scale.68,69

Alternatively, studies may use an outcome-based measure of resilience instead of 
questionnaires aimed at measuring resilience directly (trait-based).70 For example, in 
a first study, resilience was defined as the residual of positive affect after controlling 
for stressors.71 The heritability estimates were higher in men (52%) than in women 
(38%). In addition, Amstadter and colleagues defined resilience as the residual of 
internalizing symptoms after controlling for the number of stressful life events.72 
At two-time points, the heritability was stable, around 31%, with no sex differences. 
Sawyers et al. (2020) compared the etiology of trait-based and outcome-based resil-
ience.73 Only 15% of the heritability of outcome-based resilience was shared with 
trait-based resilience. In summary, variation in the definition of resilience (and in the 
sample) leads to a lot of variation in heritability estimates, demonstrating the need for 
a universal or commonly agreed-upon definition for resilience.

18.4.5 Multivariate models of positive psychological traits
Multivariate twin designs can answer the question how much of the phenotypic 
correlation between traits is accounted for by genetic and environmental factors. In 
addition, the overlap in genetic and environmental factors underlying multiple traits 
can be assessed. In other words, these designs help us understand why traits are 
related or tend to co-occur.

For example, a study by Caprara and colleagues40 assessed the associations be-
tween self-esteem, optimism, and WB (in terms of life satisfaction). The analyses in-
dicated a large overlap in genetic causes, with genetic correlations between 0.80 and 
0.87. Likewise, Wootton and colleagues19 investigated whether positive life events 
were genetically associated with SWB and related positive psychological traits in-
cluding subjective happiness, life satisfaction, optimism, hopefulness, and gratitude 
measured at the age of 16. The WB traits were positively genetically correlated with 



310 CHAPTER 18 Happiness and well-being: The value and findings

positive life events, and negatively with negative life events. However, these genetic 
correlations were moderate, ranging approximately from −0.5 to 0.5.

While the above studies are just two examples of studies applying multivariate 
models to WB and related traits, these types of investigations are becoming more 
frequent, and are fueling follow-up genetic molecular studies. In the next section, 
it will be shown how studies like these help with the design of so-called “multivari-
ate genome-wide association meta-analysis,”74 where the genetic overlap between 
related traits is used to increase power for genetic analyses.

To summarize, positive psychological traits, such as optimism, meaning in life, 
self-esteem, and resilience are related to WB with phenotypic correlations of around 
0.50. Although the estimated heritability is tied to the specific construct, definition, 
sample, context, and methods used, around one-third of the variance in the related 
phenotypes can be explained by genetic factors, similar to what has been reported 
for WB. In addition, multivariate twin models show strong genetic correlations be-
tween WB and other positive psychological traits. These findings help us to further 
understand the complex nature of WB.

18.5 Specific molecular genetic 
and environmental influences
The introduction of this chapter already briefly mentioned that twin studies on WB 
fueled more in-depth analyses of genetic and environmental effects. To help frame 
the importance of findings from twin and family studies, it is useful to view them 
in conjunction with findings that probe the role genetic and environmental factors 
using other methods. Behavioral genetic studies have revealed that a substantial part 
(∼40%) of the variation in WB can be attributed to genetic influences and an obvious 
next step is to try to identify genomic regions associated with WB.

The first reliable molecular evidence for the genetic complexity of WB came 
from a method called GCTA (genome-wide complex trait analysis), where the pro-
portion of phenotypic variance explained by all genome-wide SNPs (single nucleo-
tide polymorphisms—DNA sequence variation of a single nucleotide) is estimated 
by comparing the phenotypic and genetic similarity across a group of unrelated in-
dividuals.75 In a pooled sample of ∼11.500 unrelated genotyped Swedish and Dutch 
participants, WB was measured using the positive affect subscale of the Center for 
Epidemiology Studies Depression Scale (CES-D). Based on this approach, it was es-
timated that 12%–18% of the variance in WB was accounted for the additive effects 
of the SNPs measured on genotyping platforms.76

Next, the development of genome-wide association studies (GWASs), allowed for 
the first identification of specific genetic variants associated with WB. In a GWAS, 
millions of genetic variants are measured and regressed on a phenotype in a large 
group of individuals. In this way, the association between each genetic variant and an 
outcome of interest is tested with a strong correction for multiple testing, so that the 
chance of finding false positives is greatly reduced. The first successful GWAS for 
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WB (N = 298,420) was performed in 2016. This study led to the identification of 3 
genetic variants associated with WB (defined as life satisfaction and positive affect).77 
The SNPs had estimated effects in the range of 0.015–0.018 s.d. per allele (each  
R2 ≈ 0.01%). The high genetic correlations (rg > 0.75) between life satisfaction, posi-
tive affect, neuroticism, and depressive symptoms suggest a common liability and this 
common liability was leveraged to increase the power to identify associated genetic 
variants. To this end, the latest GWAS for WB combined these three traits and coined 
them “the WB spectrum.” In this study, 304 independent significant variant-phenotype 
associations were identified for the WB spectrum, with 148 and 191 associations spe-
cific for life satisfaction and positive affect, respectively. Biological annotation re-
vealed evidence for enrichment of genes differentially expressed in the subiculum (part 
of the hippocampus) and enrichment for GABAergic interneurons. However, even 
with this progress, the identified variants account for only a small percentage of the 
variation, meaning that we still have a long road ahead. The first and only epigenome-
wide association study approach, to identify differentially methylated sites associated 
with individual differences in WB, reports two sites (cg10845147, P = 1.51 ∗ 10–8 
and cg01940273, P = 2.34 ∗ 10–8) that reached genome-wide significance following 
Bonferroni correction. Four more sites (cg03329539, P = 2.76∗ 10-7; cg09716613, 
P = 3.23 ∗ 10–7; cg04387347, P = 3.95 ∗ 10–7; and cg02290168, P = 5.23 ∗ 10–7) 
were considered to be genome-wide significant when applying the widely used crite-
rion of an FDR q value < 0.05. Gene ontology (GO) analysis highlighted enrichment 
of several central nervous system categories among higher-ranking methylation sites. 
However, replication of these results is warranted in larger samples.

Twin studies already taught us that about 40% of individual differences in WB 
can be explained by genetic factors. These follow-up analyses taught us about the 
genetic complexity of WB, with likely thousands of variants contributing to the trait. 
These studies also revealed that each genetic variant only contributes a tiny amount 
to the variation in WB, so that we cannot speak of a single “happiness gene” or a few 
“happiness genes” that assert substantial influence on WB.

While there is substantial genetic influence on variation in WB, the remaining ma-
jority of variance is caused by environmental influences. Again, while twin-and family-
studies tell us something about the relative influence of the environment, they do not 
clarify which environmental influences are important. We can draw a few conclusions 
from the existing literature on the association between WB and environmental factors. On 
the socioenvironmental side, it seems that factors associated with social connectedness, 
such as the quality of social contacts78 and social support79 are important for WB. How-
ever, on the more contextual/physical environment side, there is not a lot of consensus 
on which environmental factors are important. Not only do studies produce contradicting 
results, there seems to be a lack of meta-analytic oversight. This lack of meta-analyses 
can mostly be explained by the fact that studies used varying designs, making it difficult 
to compare outcomes. There are some overview studies for specific environmental fac-
tors from the WB literature in general, but these studies also fail to present conclusive 
evidence. For example, Lovell and colleagues examined the association between expo-
sure to biodiverse environments and WB and conclude that there is some evidence for a 



312 CHAPTER 18 Happiness and well-being: The value and findings

small positive effect, but that much of the evidence is inconclusive.80 Similarly, Vanaken, 
and Danckaerts81 and Houlden and colleagues82 examined the literature related to the 
relation between green space exposure and WB in children and adults, respectively. They 
both conclude there is limited evidence for a positive effect. Unfortunately, even though 
there is much literature examining the associations between different environmental vari-
ables and WB, it seems we are far from having a complete picture of these environmental 
influences.

For future research in this area, it is important that we continue with large-scale 
investigations into these environmental factors. For example, more homogeneity can 
be achieved by employing a design that is similar to that used in GWA studies, but 
includes WB and multiple environmental factors instead of multiple genetic variants. 
By performing such “environment-wide association studies,” we can study the effect of 
environmental variables in different populations and geographical levels in a consistent 
manner. Ni and colleagues already applied such a design for WB, where they assessed 
the association between 194 psychosocial and behavioral factors and physical, mental, 
and social WB in a large Hong Kong sample.83 They reported that only depressive 
symptoms, life satisfaction, and happiness were simultaneously associated with these 
three domains of WB. To develop a full picture of the WB exposome (i.e., the collective 
of exposures people experience, and how these exposures influence WB), it is impor-
tant we continue this progress by studying other types of environmental factors in an 
environment-wide context, such as the physical and social environment. Moreover, as 
we have seen in this chapter, there is a considerable genetic influence on WB. Environ-
mental factors are also partly under genetic control,84 meaning that exposure to certain 
environments might be driven by genetic factors. Therefore, to fully understand the as-
sociation between WB and environmental factors, this gene-environment interplay also 
needs to be considered. As mentioned earlier, there is a lot of inconsistent results from 
studies examining the environment in relation to WB. Part of this inconsistency might 
be explained by the fact that most studies do not use genetically sensitive designs. Twin 
research can help us elucidate the extent to which covariation between WB and envi-
ronmental factors is genetic in nature, for instance using bivariate designs that partition 
covariance into genetic and environmental sources.

To conclude, while there are still hurdles to be overcome and many unanswered 
questions, considerable progress has been made over the past years in identifying 
genetic and environmental factors that influence WB. The above paragraphs already 
outlined some of the steps that have been/need to be taken to advance our under-
standing of WB. However, what was not mentioned yet is the way in which (ex-
tended) twin designs can help us further our understanding of WB. In Section 18.6, 
we elaborate on some interesting future directions for this type of research.

18.6 Future directions
In this final section, we present some interesting extensions of the classical twin 
design in terms of designs and outcome measures. More specifically, we discuss 
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the use of ecological momentary assessment, causality in terms of MZ difference 
models, and nuclear twin family designs (NTFDs).

18.6.1 Well-being fluctuations
Almost all existing twin studies examining the heritability of WB assess WB with 
questionnaires about general WB, happiness, or life satisfaction. However, like 
many other complex human traits, feelings of WB (e.g., mood) fluctuate over time 
and across different contexts.85–87 The heritability of momentary WB (e.g., how 
happy do you feel in this moment?) has been assessed twice and resulted in low 
or even negligible estimates.88,89 In a small twin sample, Riemann and colleagues 
measured moods across mood-inducing situations and estimated the heritability 
around 8%–16%.88 More recently, Menne-Lothman et al. investigated momentary 
positive affect in female twins using the experience sampling method and reported 
a heritability of 0%.89 The variance in momentary WB was completely explained 
by the environment, that is, the mood-inducing situation.

The heritability of fluctuations in WB has not been investigated, even though in-
dividual differences in WB and mood fluctuations have been reported. Some people 
show relatively stable levels of WB over the day and/or week, while others fluctuate 
a lot.90–92 One way to capture the fluctuations and dynamic nature of WB is by apply-
ing an ecological momentary assessment (EMA) design. EMA involves the repeated 
assessment of the momentary experiences and moods of participants in real-time and 
in their natural environment.93 Due to technological advances EMA studies can be 
conducted more easily with smartphones, a device ubiquitously present in our soci-
ety. Future twin studies should make use of such designs to explore the contribution 
of genetic and environmental effects to the stability and fluctuations of momentary 
WB.

18.6.2 MZ difference/causality
Twin studies can also be used to investigate causal relationships between variables, 
as this design controls for genetic and shared environmental confounding. The co-
twin control model makes use of discordant MZ (and DZ) twin pairs to determine 
whether an observed association is consistent with a causal effect of an exposure on 
an outcome.94 For example, if MZ twins differ on an exposure variable, and also 
differ on the outcome (e.g., WB), we can conclude that the association between the 
variables is not due to confounding genetic or shared environmental factors affecting 
both variables as MZ twins share 100% of their genes.

In the field of WB, this causality analysis has only been applied to investigate the 
causal relationships between WB and exercise behavior95 and mortality.96,97 Stubbe 
and colleagues95 reported that, even though exercisers were on average more satis-
fied with their lives and happier than nonexercisers, no evidence for a causal effect 
of exercise on WB was present using the co-twin method. Sadler and colleagues96 
and Saunders and colleagues97 did find a causal association between higher WB and 
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lower mortality. Twin differences in WB predicted differential mortality within dis-
cordant pairs. Although the discordant twin method or (MZ) twin difference design 
is powerful to explore likely causal pathways between (environmental) factors and 
traits or outcomes, in the field of WB, the application of these methods is scarce. 
Future studies can use this powerful design to explore various causal influences on 
WB using twin samples.

18.6.3 Nuclear twin family design
In a classical twin study, the observed covariance between MZ and DZ twin pairs is used 
to make inferences about the relative influence of genes and environment. While the 
design has led to many important insights for WB (as was summarized in this chapter), 
it does have some limitations. In these models, we can only estimate as many parameters 
as there are pieces of information available. Since the unique environment parameter 
(e) can be estimated in all models (given that e is 1 minus the MZ correlation), and 
we observe the MZ and DZ covariance, we have three pieces of information available 
to us when using the classical twin design. This means we can only estimate three 
parameters: either additive genetic effects (a), shared environmental effects (c), and 
unique environmental effects (e), or (a), (e) and dominant genetic effects (d).

To increase the number of parameters that can be estimated, a simple solution 
is to include more family members between which we can estimate covariation. In 
the nuclear twin family design (NTFD), data on parents are included in addition to 
the twin data, meaning that we now also include the covariance between the parents, 
and the covariance between parents and children.98 This allows for the simultaneous 
estimation of C and D, and also for the estimation of other interesting parameters: 
the potential effect of assortative mating, and potential vertical transmission. Assor-
tative mating occurs when two spouses are more similar to each other than would be 
expected under a random mating pattern. While this can have many causes, the result 
is that these spouses are genetically more similar than two random individuals. Verti-
cal transmission, in the context of the NTFD, describes the influence of the familial 
environment from nongenetic effects passed from parents to offspring. In the case of 
WB, this would mean that parental WB influences offspring WB through its effect 
on the familial environment. Importantly, the parental phenotype is influenced by the 
parental genotype. This vertical transmission from parental phenotype on offspring 
phenotype is thus not completely independent from genetic influences.

Thus, by including data on parents, the NTFD allows for the estimation of more 
parameters, and also provides more accurate estimates of the model parameters. Nat-
urally, the design can be extended to include more family members (e.g., nontwin 
siblings) resulting in better-powered designs.99 Importantly, this design is not new: it 
has been applied to many traits and has been improved by different people over the 
years. Yet, for WB, it seems that such an extended twin design has only been applied 
once. In a study in Norwegian twins and parents, Nes, Czajkowski, and Tambs100 
applied the NFTD to estimate nonrandom mating, cultural transmission, and shared 
environmental effects specific for regular siblings and twins. Their analyses revealed 



315References

the presence of nonrandom mating (spousal correlation of 0.26) and significant influ-
ence of the shared twin environment. The effect of vertical (cultural) transmission 
was estimated to be negligible. As this was the only extended NFTD study to date, it 
is not yet clear whether these results are consistent across different cultures/measures 
of WB. An interesting future direction would thus be to replicate these findings in 
different studies and with different measures.

18.7 Conclusion
The aim of this chapter was to summarize existing behavioral genetic research 
on WB, to show how this has directed WB research, and to provide a glance into 
directions for future research. While the last meta-analyses on twin studies for WB 
were published only five years ago, since then the field has developed rapidly: the 
first (300) genetic variants for WB were identified, the field is increasingly doubting 
existing definitions of WB and acknowledging the interrelatedness of different WB-
related phenotypes, and are thinking about how to improve models for estimating 
sources of variation in WB. While there was first a focus on quantity, where the goal 
was to obtain the largest sample size possible at the cost of simple phenotyping, 
we are now transitioning to a focus on quality, with promising improvements in the 
measurement (e.g., EMA) and analyses (i.e., genetically informative designs) of WB 
ahead.
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Personality is a cursory word when used normally: “Why did he act like that way?” 
“That’s because of his personality.” This statement provides no psychological 
explanation of his behavior and is merely a tautology. However, it sounds 
reasonable. The term personality is considered to be a concept that explains 
someone’s behavioral and psychological tendencies and predicts his/her behavior 
in a specific situation. G. Allport’s scientific definition of personality is the most 
popular and classic, stating "Personality is the dynamic organization within the 
individual of those psychophysical systems that determine his unique adjustment 
to his environment" (Allport, 1937, p. 481). Thus, personality is usually considered 
an internal entity within an individual, determining the characteristics of his/her 
behavior and thoughts.

In contrast, a popular controversy known as the “person-situation debate” 
(Mischel, 19682) challenged this perspective, stating that personality does not exist 
“within” a person but emerges in an interface “between” person and situation. Be-
haviorism is another opposing view, which argues that personality is an outcome of 
a history of stimulus-response contingencies in someone’s life.

Today, these extreme positions that deny “personality as an internal entity” (i.e. 
a social-cognitive theory of personality, or situationalism, radical behaviorism) have 
been eclipsed and views such as the more moderate “interactionism” or double-layer 
“trait/state” dichotomous theory of anxiety (Spielberger3) have gained popularity. 
Most psychologists acknowledge the existence of an internal entity, even partially, 
that underlies an individual’s personality.

Thus, the fundamental issue to be addressed is what this internal entity of person-
ality is and how to describe and empirically verify it. One of the most reasonable ex-
planations of this entity is genes. The study of twins can provide empirical evidence 
of the influence of genes.

If genes influence individual personality, an identical twin who shares the full 
range of genes will exhibit highly similar behavior in daily life. There is a pile of 
anecdotes reporting idiosyncratic similarity between identical twin siblings. For ex-
ample, in one experimental case, which was attempted on a TV show, several pairs 
of identical twins who were placed into separate rooms with identical designs to have 
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a party with foods and drinks. Both twins enjoyed a free chat with each other and 
ate snacks on the same plates and drank from the same bottles placed on the same 
designed table in the same positions. Within 30 min, they exhibited interesting and 
astonishingly similar behaviors. One pair of twins played the same central role as the 
chairperson in the conversations between participants, of course being ignorant of 
what his cotwin was doing in the next room. Another pair of twins started singing the 
same song on karaoke. The same three pairs exhibited the same pattern of conversa-
tion “I live in/come from Gumma (a prefecture in Japan)” (Twin A siblings), “Wow, 
Gumma! I went/visited there last week.” (Twin Bs), “I like Gumma, too.” (Twin 
Cs) in exactly the same order. More impressive anecdotes that demonstrate the idio-
syncratic similarity between identical twin siblings were reported in the Minnesota 
Study of Twins Reared Apart (Segal, 20124).

Although these anecdotes are very impressive to provide evidence of some inter-
nal entity given by genes, they do not constitute scientifically firm evidences which 
are supported by some established theories of statistics and genetics. The next section 
introduces more scientifically elaborated studies of personality using the twin method.

19.1 Description of personality
Before introducing the outcomes of the twin studies of personality, we must 
first present a description and measure of personality. As mentioned earlier, the 
term personality is ambiguous. Broadly, personality contains almost all ranges 
of individual differences in psychological dimensions other than cognitive and 
information-processing abilities. This includes not only general personality traits 
but also emotional tendencies such as anxiety traits and well-being, social attitudes 
such as political preference, self-esteem, belief, value judgment, job satisfaction, 
religiousness. This is further complicated by the fact that the various names of 
so-called noncognitive (intellectual) ability aspects cannot be categorized simply 
as “noncognitive” because “noncognitive” refers to “cognitive” regulation of self 
(e.g., self-regulation), information processing (e.g., executive function), emotion 
(e.g., effortful control) recently. Thus, the term personality does not usually include 
psychopathology (e.g., schizophrenia and mood disorder) and developmental 
disorders (e.g., attention deficit hyperactivity disorder). However, personality 
disorders are considered to be a part of the personality.

Specifically, personality, in the mainstream of current personality psychology, 
refers to several psychological traits that are expressed in a certain taxonomic frame-
work of specific theories. Many personality psychologists including Allport, ad-
opted the “lexical approach,” which involved quantitative judgment of words and 
sentences expressing an individual’s personality (e.g., “warm,” “nervous,” or “I feel 
warm when I talk to my friend.”). Allport and Odbert (1936)5 scrutinized Webster’s 
dictionary and identified 18,000 words that described human personality. This does 
not mean that there were 18,000 independent personality traits as some words (i.e., 
warm and tender) correlated with one another. Statistical techniques such as factor 
analysis categorized these lexicons into small numbers of clusters such as the two 
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systems (behavioral activation system [BIS], behavioral inhibition system [BAS] 
by Gray6), the giant three (neuroticism, extraversion, psychoticism by Eysenck7), 
the Big Five (neuroticism, extraversion, openness to experience, agreeableness, 
conscientiousness by Costa and McCrae8), six (honesty to humility, emotionality, 
extraversion, agreeableness (vs anger), conscientiousness, openness to experience 
[HEXACO] by Ashton and Lee9), seven (novelty seeking, harm avoidance, reward 
dependence, persistence, self-directedness, cooperativeness, self-transcendence; the 
temperament and character inventory by Cloninger10), even sixteen (16 personal-
ity factors by Cattell11). Some of these clusters were constructed based not only on 
the lexical approach but also on underlying neurobiological theories and evidence. 
Thus, to validate these trait theories and examine the relationships among them, it is 
necessary to describe these lexical theories from biological and genetic foundations 
through twin studies.

19.2 Twin studies of personality traits
Table 19.1 shows excerpts of twin correlation (i.e., index of resemblance between 
twin siblings, ranging from zero (no resemblance) to 1 (complete resemblance) or 
−1 (completely negative opposite-directing resemblance) and genetic/environmental 
proportions for the most popular personality traits of the Big Five.12–16 Generally, 
twin studies on personality traits using any theoretical framework and their related 
characteristics produce robust results from a behavioral genetic point of view, that 
is, substantial genetic and nonshared environmental contributions with little or no 
shared environmental effects. They follow the “three laws of behavioral genetics” 
(Turkheimer, 200017): (1) all human behavioral traits are heritable; (2) the effects 
of being raised in the same family are smaller than the effect of genes; and (3) a 
substantial portion of the variation in complex human behavioral traits is not 
accounted for by the effects of genes or families.

This is very different from the picture of cognitive abilities, which usually show 
substantial shared environment contribution because the DZ correlation is greater 
than half of the MZ correlation. A simple reason for this difference is that cognitive 
abilities grow with knowledge through information and learning opportunities given 
by the surrounding environment, especially the family environment during child-
hood and adolescence. On the contrary, personality traits are formed not by learned 
knowledge but by a complex combination of neurotransmitters such as dopamine 
and serotonin.

As shown in Table 19.1, twin correlations sometimes indicate nonadditive and 
additive genetic effects, as the MZ correlation is more than twice as large as the 
DZ correlation, but it is not very sensitive to detect its effect at a statistically sig-
nificant level. It seems possible to detect the dominance effect with large combined 
samples13,18 or extended twin family samples.19–21 Loehlin et al. (1992) reported 
that 30% of N, 57% of E, 38% of O, 17% of A, 13% of C in the Big Five can be 
explained by nonadditive genetic effects. Kandler et al. (2019)16 30% of N (emo-
tionality), 30% of A, 23% of C, 23% O in the HEXACO paradigm were explained 
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TABLE 19.1 Twin correlations and additive genetc (A)/nonshared environ-
mental (E) contributions on the Big Five traitsa.

Samples Trait MZ DZ h2 e2

Jang et al. (1996) Canada N 0.41 0.18 0.41 0.59
MZ=123p, 30.9yrs (11.8) E 0.55 0.23 0.53 0.47
DZ=127p, 31.7yrs (11.7) O 0.58 0.21 0.61 0.39

NEO-PI-R A 0.41 0.26 0.41 0.59
C 0.37 0.27 0.44 0.56

Loehlin et al. (1998) USA N 0.43, 0.53, 0.44* 0.17, 0.25, 0.06 0.58 0.42
MZ=490 E 0.47, 0.60, 0.39* 0.01, 0.30, -0.06 0.57 0.43
DZ=317 O 0.39, 0.49, 0.36* 0.19, 0.27, 0.08 0.56 0.44

junior high A 0.32, 0.46, 0.29* 0.06, 0.34, 0.18 0.51 0.49
*combination of 3 

 inventories
C 0.42, 0.53, 0.37* 0.21, 0.34, 0.14 0.52 0.48

Shikishima et al. (2006) 
Japan

N 0.45 0.18 0.46 0.54

MZ=470 E 0.48 0.12 0.46 0.54
DZ=210 O 0.52 0.25 0.52 0.48

14 - 30 yrs A 0.37 0.12 0.36 0.64
NEO-PI-R C 0.51 0.19 0.52 0.48

Riemann et al. (1997) 
Germany

N 0.53/0.40 0.13/0.01 0.68 0.32

MZ=84 E 0.56/0.38 0.28/0.22 0.68 0.32
DZ=34 O 0.54/0.49 0.34/0.21 0.79 0.31

32.98yrs (13.40) A 0.42/0.32 0.19/0.17 0.66 0.34
NEO-FFI (self report / 

peer report)
C 0.54/0.40 0.18/0.18 0.75 0.25

Kandler et al. (2019) 
Germany

H 0.46 0.23 0.46 0.54

MZ=221 E(=N)b 0.58 0.16 0.58 0.42
DZ=352 X(=E)c 0.58 0.25 0.57 0.42

including twins' family A 0.67 0.16 0.47 0.53
HEXACO C 0.53 0.17 0.52 0.48

O 0.66 0.27 0.63 0.34

a N: neuroticidm, E: extraversion, O: opennes to experience, A: agreeableness, C: conscientiousness
b Emotionality in HEXACO is eqivalent to reverse of neuroticism in the Big Five.
c “X” is eqivalent of extraverion in the Big Five.

by nonadditive genetic effects. Cloninger’s temperament traits sometimes exhibited 
a dominance effect.22,23 A recent meta-analysis of the genome-wide association 
study (GWAS) study for extraversion indicated that simple additive variance by 
common SNPs cannot explain a significant amount of variance but polygenic risk 
scores, weighted using linkage information, significantly predicted extraversion 
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scores in an independent cohort, showing that extraversion is a highly polygenic 
personality trait.24

Several studies have also reported shared environmental contributions to per-
sonality and related traits, especially deviated characters such as aggression25–27 
and attachment28,29 in childhood. Cloninger’s character dimensions also showed a 
 substantial shared environmental effect in adolescence.30

19.3 Development trends of personality
Contrary to the increasing trend of heritability of cognitive abilities from childhood 
to adulthood,31,32 the opposite trajectory was reported in studies on personality. One 
classic meta-analysis of developmental trends of twin resemblance33 indicated that 
although both MZ and DZ twins become dissimilar in intelligence and personality 
traits, DZ becomes more dissimilar in intelligence, indicating an increase in 
heritability but not in personality. This tendency was clearly illustrated in the meta-
analysis research by Tucker-Drob and Briley (Fig. 19.1, Fig. 19.2).33,34

FIG. 19.1 Age-trends in heritability, nonshared environmentality of cognitive ability. 
Circles surrounding data points are scaled by the weighting variable (described in analytic 
approach section) such that larger circles carried more weight in the analysis (Briley and 
Tucker-Drob, 2014).32

FIG. 19.2 Age-trends in heritability, nonshared environmentality of personality traits. 
Circles surrounding data points are scaled by the weighting variable (described in analytic 
approach section) such that larger circles carried more weight in the analysis (Tucker-Drob 
and Briley, 2014).34
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Multivariate genetic analysis (i.e., bivariate and Cholesky decomposition analy-
sis) of twin data indicated that phenotypic stability of personality and related traits 
are mainly explained by genetic factors and that their developmental changes are due 
to nonshared environmental changes35–38 and genetic innovation.39,40

19.4 Genetic structure of personality
Personality traits are not completely orthogonal to each other. For example, five 
trait factors can be clustered into two higher-order factors phenotypically41,42; one 
consists of agreeableness, conscientiousness, emotional stability, called alpha or 
stability, the other consists of extraversion and intellect called beta or plasticity (Fig. 
19.3). One twin study with a cross-national sample from three different countries 
(Canada, Germany, Japan) verified that this phenotypic two-factor structure reflects 
the underlying genetic structure of twins.43 This study also revealed that genetic and 
nonshared environmental factor structures and phenotypic structures on 30 facets of 
NEO-PI-R (6 facets/domain × five domains) are highly congruent with one other and 
across nations. This suggested that the five-factor model has a strong biological basis 
and potentially indicates a common heritage of the human species.44

Twin studies are sensitive enough to detect genetic contributions not only at the 
level of domains and facets of personality traits but also at the top and bottom end 
of the personality hierarchy. Although personality structures are multidimensional, 
which contrasts with the single factor “g” of cognitive ability, personality traits can 
also be summarized to a single higher-order factor called “general factor of personal-
ity (GFP).”45 This is positively loaded on Emotional Stability (an opposite direction 
of Neuroticism), extraversion, openness, agreeableness, conscientiousness and inter-
preted as a dimension of social adaptability and participation. It is hypothesized that 
GFP has an evolutionary emerging function that participates effectively in a social 
group and exhibits a genetic dominance effect.46 The results of twin studies partially 
support this hypothesis.47,48
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FIG. 19.3 Genetic structure of higher-order personality traits (Jang et al., 2006).43
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At the bottom of the personality, hierarchy is individual items of personality in-
ventories. After eliminating facets and higher-order levels of personality structures, 
genetic contributions are still identified at each item level and called “nuances.”49

Thus, the twin method in psychology can sensitively reveal genetic contributions 
within each level of the personality hierarchy.

19.5 Personality as a social behavior
Using the database of psychological literature (PsycINFO of American Psychological 
Association) more than 4000 articles are found when searching with the keywords 
“twin” and “personality” (about 2700 are found when “genetic” is added). This 
literature covers a range of psychological dimensions other than common personality 
traits such as social attitudes (e.g., political, religious, economic), undesired 
behavior (e.g., antisocial, aggressive, criminal, pathological, substance abusive). 
Using PubMed, 46,000 articles are found, which are more than 10 times as many 
as those from PsycINFO (approximately 23,000 are found when searching “twin,” 
“personality,” and “genetic”). This huge gap in the number of publications between 
psychological and medical fields can be because medical fields contain medical and 
biological (including molecular) characteristics that are not dealt with in the field 
of psychology. Thus, it is impossible to summarize all the literature completely, but 
this section introduces several interesting fields on social aspects of personality—
political, vocational, economic, wellbeing, religious—using the twin method. Twin 
studies of personality have challenged and overcome the common prejudice that these 
social aspects tend to be considered as purely “social” and formed by environmental 
factors without any genetic influence.

The most impressive studies concern the genetic influence on political attitudes 
such as the liberal versus conservatism, individualism versus collectivism, authoritari-
anism versus authoritarian, which are considered to be outcomes of social learning. A 
cross-national meta-analysis of more than 12,000 pairs of twins from various coun-
tries demonstrated that approximately 40% of the variance in political attitudes can be 
explained by genes, 20% by shared environment, 40% by nonshared environment.50

This meta-analytic study also examined economic egalitarianism and showed 
substantial genetic influence. How about economic behaviors such as investment, 
saving, and earnings? These money-related behaviors also exhibited a genetic con-
tribution of approximately 20%.51 According to a study of more than 15,000 pairs 
of twins in Sweden,52 genetic differences explained by approximately 33% of the 
 variation in savings propensities across individuals and shared environmental con-
tributed to a decrease in savings rates from young adulthood to middle age.

The economic situation is a significant factor of well-being. A systematic meta-
analysis of 30 studies on twin-families with approximately 50,000 individuals on 
well-being and its related measures including satisfaction with life and happiness 
demonstrated that the weighted average heritability of well-being was 36 % and the 
weighted average heritability for life satisfaction was 32% with little or no shared 
environment.53
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Religiousness or religiosity, that is, the beliefs or attitudes pertaining to religion, 
is associated with happiness and meaning in life,54 and so many twin studies have ex-
amined this factor.55–60 According to the literature, religiousness does not follow the 
second law of behavior genetics, indicating a substantial contribution of the shared 
environment. This is noteworthy as religiousness is correlated with personality,61,62 
which usually does not indicate any significant contribution of shared environment. 
This may be because scales of religiousness include religious customs such as church 
attendance, which tends to be shared by family members. Religiousness plays the 
role of the moderator of gene × environment interaction on drinking,63 indicating 
that the heritability of alcohol consumption is lower in religious persons than in 
 nonreligious people.

If religiousness is one end of human virtue, criminality may be the opposite end. 
Meta-analyses of twin and adoption studies concerning criminality and antisocial 
behavior64 suggest that there are moderate additive genetic influences, nonadditive 
genetic influences, nonshared environmental influences on criminality, moderate ad-
ditive genetic and nonshared environmental influences, modest shared environmental 
influences on aggression. This conclusion follows the three laws of behavioral genet-
ics by Turkheimer (2000).17 Several twin studies have suggested that juvenile delin-
quency is less heritable and shared-environmental factors are more influential than 
delinquency in adulthood,65,66 but as discussed in this meta-analysis, this conclusion 
should be pending due to methodological problems such as measurement ambiguity.

19.6 Discordant identical twin method
The last part of this chapter discusses the discordant identical (monozygotic) twin 
method in which identical twin siblings with large phenotypic differences or different 
diagnoses are compared to identify the causal relationships between genetic/
environmental factors and personality.

When examining the causal relationship between certain psychological or behav-
ioral outcomes (X) and any specific environmental condition (Y), a mere correlation 
between X and Y or mean differences of X across groups categorized by Y are insuf-
ficient because information on Y contains not only individuals’ specific environmen-
tal conditions but also underlying genetic and family (shared) environmental effects 
confound in Y. To eliminate these confounding factors from pure environmental fac-
tors specific to each individual, the discordant identical (monozygotic) twin method 
is effective because monozygotic twin pairs share the same genes and family (shared) 
environment and the difference between these identical twin siblings can sensitive-
ly reflect their individual (nonshared) environmental conditions. For example, if a 
 within-pair difference of parenting style toward children (e.g., authoritative parent-
ing) at a certain time point (e.g., 42 months of age) is correlated with within-pair 
differences in behavior problems (e.g., problems with peers) at 48 months of age but 
not vice versa (i.e., the within-pair difference at 42 months is less correlated with that 
of authoritative parenting), it can be concluded that a causal direction from parenting 
style to behavior problem is more plausible than in the opposite direction. The more 
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sophisticated analysis such as cross-lag analysis applied to this kind of dataset can 
depict a clear causal picture (Fig. 19.4).67

Another interesting application of the discordant twin method is in economics, 
which aims to identify the causal relationship between education and earnings.68–70 
The causal direction of personality and earnings was challenged by this method. For 
example, “activity,” a facet of extraversion (E) in the Big Five theory, is related to 
higher earnings, neuroticism (N) is related to lower permanent earnings in the labor 
market.71

The discordant identical twin method is also an important tool to detect epigenetic 
alteration in DNA (see Chapters 30 and 33 in the current book).

Recent behavior genetic studies have focused on personality and related traits 
at the molecular level. Several interesting findings have already been reported in 
large-scale GWAS consortia.72,73 It is evident that molecular approaches, including 
epigenetic mechanisms, have become mainstream in this field. However, the classic 
twin method and its various applications remain powerful tools to identify and verify 
the complex causal mechanisms of genes and the broader environment of personality.
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Psychological disorders have always been a major focus of behavior genetic 
twin research. Psychologists have attempted to examine the etiology of various 
psychological disorders not only to have a better understanding of the disorders 
themselves but also to attempt to devise effective preventions and interventions. The 
nature of the twin design has great allure for scholars of psychopathology. Unlike 
many psychological phenomena, it is either impossible or unethical to randomly 
assign study participants to a control versus experimental group when one of those 
groups involves a disorder. Luckily, the “natural experiment” of twins provides an 
opportunity to study people who share either half or all of their genes and much of 
their environment, especially during their formative years, but who may vary in terms 
of whether both twins develop a psychological disorder or only one does.

One particular twin-method example involves studying monozygotic (MZ) twin 
pairs where one member of the pair has a disorder and the other does not. Differences 
in genes cannot account for the different behavioral presentations. Accordingly, in 
this situation, it is possible to examine environmental influences that may differ be-
tween twins to determine whether those differences are related to one twin but not 
the cotwin being diagnosed with a disorder. Such an approach effectively controls for 
genetic influences on the disorder and allows examination of specific environmental 
influences that cause the twins to differ. However, there are a number of potential 
problems that make this approach difficult.1 For example, do early environmental 
differences cause later mental illness, or are they manifestations of the illness that 
appear before the illness is fully realized? Could such early environmental differ-
ences be elicited by something that already differs between the twins that precedes 
the mental illness, such as more difficult childhood behaviors? Most often, these data 
are collected when the twins already are adults and diagnosed, so could the early dif-
ferences be remembered inaccurately? It is not unusual for memories to change after 
a significant life event, such as a diagnosis of illness. Memories then become filtered 
through this new lens.2 Finally, it is generally not possible, unless one conducts the 
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equivalent of a cradle-to-grave study, to know that the discordant twin might actually 
become concordant in the future.

The full twin design, with both MZ and dizygotic (DZ) twins, provides the oppor-
tunity to study the extent to which genetic as well as different types of environmental 
influences affect the occurrence of a psychological disorder (see Section 4 of this 
book for more details about the design of such studies). Again, the existence of this 
“natural experiment” allows researchers to study psychopathology as it naturally oc-
curs in twins, often unevenly, allowing comparisons between twins. The expectation 
is that if the illness is at least partly a result of genotype, then MZ twins will be sig-
nificantly more similar to each other than are DZ twins. Additionally, if the disorder 
is genetic and occurs along a spectrum (from a few symptoms to full-blown illness), 
then MZ cotwins of affected twins will be likely to have more symptoms than will 
DZ cotwins, and other biologically-related family members will also show some 
symptoms, but fewer than will cotwins.

A great challenge in studying psychopathology lies in the definition of the vari-
ous illnesses. Accepted definitions of disorders change over time as we learn more 
about each disorder. Additionally, application of diagnostic standards may have a 
subjective component.3 Accordingly, in twin studies of psychopathology it is criti-
cally important to employ reliable, well-validated diagnostic instruments.3 Without 
such criteria, as might be the case in less well-controlled studies, rater bias may cloud 
diagnosis accuracy. In addition, there is scientific debate about the nature of psycho-
pathology itself. For example, is it most accurate to think of psychopathology as a 
collection of discrete disease entities each with a clear and recognizable boundary? 
Or is it more accurate to view psychopathology in a dimensional fashion that high-
lights shades of gray? As is often the case, the truth likely lies somewhere in between, 
although recent work suggests that true, clearly defined categories of psychopathol-
ogy may be relatively rare.4 Researchers must make determinations about how to 
study these complex phenomena, and despite evidence that few disorders may truly 
be discrete, a categorical approach to diagnosis – you either have it or you don't – is 
commonly applied in research. Other studies approach the problem from the shades-
of-gray perspective, focusing on what are sometimes called spectrum disorders. Such 
studies consider symptoms as part of a continuum, with people varying in terms of 
the number and degree of symptoms. Different twin design statistics must be used 
depending on how the psychopathology is measured.

There are a large number of psychological disorders that have been studied by 
behavior geneticists. In this chapter, we will focus on three that have been studied in 
great detail: schizophrenia, depression and bipolar disorders, and antisocial personal-
ity disorder (ASPD). A synopsis of twin studies that have been conducted on many 
different disorders can be found in the primer book on behavior genetics by Knopik, 
Neiderhiser, DeFries, and Plomin.5

Prior to discussing behavior genetic research related to specific psychological 
disorders, it is essential to define what is meant by heritability. This is covered in 
more detail in the chapters of this volume pertaining to methodology (section 4). 
Heritability reflects the degree to which genetic variation in a population contributes 
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to observed variation in an outcome of interest, in this case, a disorder or a constella-
tion of symptoms. Heritability ranges from 0 to 1.0. If heritability is zero, this means 
that observed differences among individuals are completely the result of environ-
mental variation. If heritability is 1.0, this means that all observed variation in the 
outcome of interest is the result of genetic variation among individuals. Heritability 
scores between 0 and 1.0 suggest that both genes and environment impact variation 
of the trait being studied.

There are several important ways that genetic factors might influence psychologi-
cal outcomes. Single gene influences on complex behavioral phenomena are highly 
unlikely—so we do not expect that our search for answers will point to single genes 
that code for psychopathology. Influences on psychopathology are much more com-
plicated than that, involving both multiple genes and multiple environmental influ-
ences. And the complexity increases: in terms of genetics, the genetic influences may 
be additive, whereby the effects of individual genes literally “add up” to determine 
overall genetic influence; alternately, genes may coact or interact with each other in 
nonlinear ways, resulting in so-called nonadditive genetic effects. Finally, it is under-
stood that genes do not express themselves in isolation. Environmental influences are 
typically described as shared (for example, factors that siblings in the same family 
might experience) or unshared (for example, events that are unique to, or uniquely 
experienced by, an individual). Genes and environments coact and interact in a variety 
of ways. Ultimately, a complex interplay between genes and environments contributes 
to the disorders described in this chapter.

20.1 Schizophrenia
Schizophrenia is a psychological disorder that affects approximately 20 million people 
around the world,6 with median lifetime prevalence of 4.0 per thousand individuals.7 
It is a chronic condition that includes symptoms such as hallucinations, delusions, 
grossly illogical thinking, poverty of speech, catatonia, and blunted/restricted affect.8 
Schizophrenia is a complex disorder that can cause much devastation and disability 
to a person experiencing it.1 Due to its genetic nature, twin studies are valuable 
sources of information on this disorder. Due to its high proclivity to cause suffering 
and the problems experienced by those affected, studies examining its causes are of 
the utmost importance.

It is valuable to first acknowledge the contribution of adoption studies in our 
understanding of schizophrenia. Adoption studies also can help us tease apart envi-
ronmental and genetic factors leading to the development of psychological disorders. 
This is because the adoptive parents contribute environmental influence but do not 
share genes with their adoptive children, whereas the biological parents share genes 
but not postnatal environments with their adopted-away children. For instance, in a 
study of children born to mothers with schizophrenia versus control mothers with-
out schizophrenia, but all adopted into homes of parents without schizophrenia, the 
rate of schizophrenia in the children in the maternal schizophrenia group was 5.6% 
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versus 0.9% for children of mothers in the control group.9 Because these adopted 
children were placed in homes with parents not diagnosed with schizophrenia, their 
environments were not affected by having a parent with schizophrenia. The higher 
rate of schizophrenia among adopted children born to biological mothers diagnosed 
with schizophrenia, as compared to the rate of schizophrenia among adopted chil-
dren in the control group, suggests that schizophrenia has a significant genetic basis. 
Further, in this study, adopted children born to biological mothers with schizophrenia 
had a 14.8% prevalence of nonpsychotic latent schizophrenic symptoms, compared 
to 0.9% of the control group. This suggests that the propensity for schizophrenia-like 
symptoms also is influenced by genetic factors.

Similarly, twin studies help us to determine the heritability of disorders and the 
impact of the shared versus nonshared environment. Twin studies estimate heritabili-
ty for schizophrenia to range from 41% to 83%, with an estimate, based on a national 
Danish cohort, of 79% for schizophrenia alone.10 A similar heritability estimate of 
73% was found for schizophrenia spectrum disorders,10 which include schizoaffec-
tive disorder (a combination of symptoms of schizophrenia such as hallucinations 
and delusions as well as mood symptoms often seen in depression and bipolar disor-
der) and schizophreniform disorder (a briefer version of schizophrenia lasting one to 
six months). This may indicate that schizophrenia is influenced by a variety of genes, 
and that certain conditions must be met for these genes to be expressed in a way that 
produces symptoms of schizophrenia and schizophrenia spectrum disorders. A large 
number of studies now have shown that schizophrenia is highly genetic, with MZ 
twins expressing higher rates of concordance than DZ twins. At the same time, the 
concordance rates for schizophrenia among identical twins is roughly 50%.11 This 
also highlights the clear influence of environmental factors that contribute to devel-
opment of the disorder. Studies of identical twins who are discordant for schizophre-
nia provide a unique vantage point on environmental factors that may be protective 
or may serve as triggers for onset of disorder.

Other aspects of the etiology of schizophrenia can also be assessed using twin 
samples. In one study, when both twins were diagnosed with schizophrenia, the de-
velopment of the disorder in one twin was shortly followed by the development of 
the disorder in the other twin (one to four years later for MZ twins and within six 
years for the sample's one concordant pair of DZ twins).12 Heritability increases 
when schizophrenia symptoms are more broadly defined, such as including the psy-
chosis that is present in bipolar disorder, versus when the definition is narrow (as in 
only diagnoses of schizophrenia), but only marginally so. This may indicate that the 
broad category of “psychosis-proneness” is highly genetic and occurs often between 
twin pairs when one is afflicted. This study also outlines the difficulties in study-
ing schizophrenia in twins, as only approximately 0.02% of the entire population 
are twins diagnosed with schizophrenia, leading to small sample sizes for studies. 
Therefore, twin participation in research is critical, as is having large databases in 
twin research. Importantly, twin studies also have demonstrated that relatives of a 
twin diagnosed with schizophrenia show similar but less extreme behaviors, support-
ing the notion that this disorder exists on a spectrum from mild schizotypal behaviors 
to full-blown schizophrenia, with an underlying genetic cause to these behaviors.13
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A schizophrenia and bipolar twin study in Sweden, the STAR study, has illu-
minated many findings on the genetic nature of psychiatric disorders.14 They have 
identified endophenotypes related to schizophrenia. Endophenotypes are measurable 
traits that appear to coexist in many people with the disorder of interest but are not 
aspects of the disorder. Therefore, these traits may share genetic etiology with the 
disorder and they may be easier to study, possibly making it easier to find the genes 
that affect them. If so, then that will help us to identify genes related to the disorder. 
Some of the major findings of the STAR project are that: impulsivity is an endo-
phenotype commonly found among participants with schizophrenia; genes linked 
to memory seem to also be linked to schizophrenia; and aspects of cerebrospinal 
fluid seem to be related to both schizophrenia and bipolar disorder, based on elec-
tron microscopy and microglia in the fluid. Future directions of the STAR study are 
to identify genetic markers linked to schizophrenia and bipolar disorder, as well as 
structural differences in the brains of affected persons. This is one of the largest stud-
ies on twins with schizophrenia and bipolar disorder and will likely be instrumental 
in helping us further understand these disorders.

It is likely that more extreme forms of schizophrenia have a stronger genetic in-
fluence. For example, one study found that early age of onset of schizophrenia was 
linked to a more heritable nature of the illness.15 In this study, if one twin was diag-
nosed with schizophrenia before age 22, the second twin was five times as likely to 
also have schizophrenia. This effect was more pronounced in female twins. Because 
schizophrenia is more common in males, the incidence of the early age of onset in fe-
males specifically may indicate a greater genetic predisposition to develop the illness.

Much research is concerned with the spectrum nature of schizophrenia and relat-
ed disorders. One study found that heritability rates were comparable for schizophre-
nia spectrum disorders compared to schizophrenia itself.10 In another study, regional 
cerebral blood flow (rCBF) was examined in various brain regions in MZ and DZ 
twins in the Danish Twin Register.16 rCBF was found to be heritable, and regions 
of the left thalamus and bilateral putamina were correlated with both schizophre-
nia and schizophrenia spectrum disorders. Higher rates of rCBF in the left putamen 
were found to be heritable; higher rates were present in MZ cotwins and less so in 
DZ cotwins who did not have schizophrenia when their twin did. Further, this study 
found that thalamic blood flow was greater in schizophrenia spectrum  disorders, but 
not in schizophrenia. The researchers argued that this may be due to protective fac-
tors involved with taking antipsychotic medication. More of the participants with 
schizophrenia were taking antipsychotics than their peers with schizophrenia spec-
trum diagnoses. Given this evidence, these data provide compelling evidence for the 
efficacy of antipsychotic prescription for  patients with schizophrenia and schizo-
phrenia spectrum disorders alike.

Another study examined heritability of glutamate (a primary neurotransmitter 
essential for our nervous system) and its link to schizophrenia spectrum disorders.17 
This study found that glutamate rates in the anterior cingulate cortex and the left 
thalamus were heritable (29% and 16%, respectively). Further, glutamate levels in 
the left thalamus of MZ twins with schizophrenia spectrum disorders were similar 
to levels in their unaffected cotwins, and this effect was stronger than in DZ twins, 
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indicating genetic effects. This study indicates that the left thalamus, in particular, 
may be implicated in schizophrenia spectrum disorders, and that glutamate levels in 
this area are implicated in the illnesses as well. This may also indicate a phenotype 
that is present even in unaffected cotwins who do not have the disorder, further em-
phasizing a spectrum nature of the illness.

To conclude, twin studies have been instrumental in demonstrating that schizo-
phrenia is heritable, as are disorders that fall on the schizophrenia spectrum. In fact, 
twin studies have demonstrated that similar genes are responsible for schizophrenia 
and other disorders that lie on that spectrum. Additionally, twin research has been 
helpful in identifying some endophenotypes of schizophrenia, which may lead to dis-
covery of specific genes that contribute to this disorder. That information will be es-
pecially helpful in the creation of better pharmaceutical treatments for schizophrenia.

20.2 Depression and bipolar disorders
Depression is a disorder characterized by prolonged periods of sadness, hopelessness, 
numbness, and anhedonia.8 Bipolar disorder is characterized by dramatic mood shifts 
from mania (extreme positive mood) to depression.8 There are two types of bipolar 
disorder: bipolar 1, which is characterized by mania without depressive episodes; 
and bipolar 2, which includes both manic and depressive episodes. Depression and 
bipolar disorder have complex etiologies that involve both genetic and environmental 
factors. Many researchers have examined the etiologies of depression and bipolar 
disorder using the twin method. Research has more recently turned to examine the 
ways that depression and bipolar disorder relate to other phenotypes through genetic 
and environmental mechanisms.

20.2.1 Depressive disorders
Twin studies show that depression in adults is moderately heritable. Although there 
are sex differences in adult depression, with women substantially more likely than 
men to be diagnosed, there is little evidence of sex differences in the etiology of 
depression. Several studies have shown that the heritability of depression is about 
30%–35% in both males and females.18, 19 The remainder of the variance is due to 
nonshared / uniquely-experienced environmental factors in both sexes.

Depression in children is also caused by additive genetic and nonshared environ-
mental factors. However, shared environmental factors also play a role in depression 
in children when adult informants are used rather than child self-report measures. 
For example, one study20 found that there was a shared environmental component 
to childhood depression when parent and teacher reports were considered. Another 
study21 found significant genetic, shared environmental, and nonshared environ-
mental components for emotional problems in 7-year-old twins as reported by the 
strengths and difficulties questionnaire.22 The fact that shared environment is sig-
nificant when parents and teachers report about children suggests that parents and 
teachers may consider twins to be more similar to one another than they actually 
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are, or that observers such as parents and teachers have difficulty discerning the 
internalizing aspects of depressive symptoms. As such, it is important to be mindful 
of these comparisons between twins when attempting to understand their depres-
sion. A combination of self-report and other-report may be beneficial when diagnos-
ing depression in children, particularly multiples (e.g., twins, triplets) who may be 
more readily compared to each other than other children and thus may provoke more 
 biased reporting.

20.2.2 Bipolar disorders
Twin studies have shown that bipolar disorder is more heritable than depression, with 
some estimates approaching 80%,23 with the remaining variance due to nonshared 
environmental factors. Bipolar disorders (e.g., bipolar 1 and bipolar 2) appear to 
be related to each other through genetic mechanisms. Specifically, twins who have 
bipolar 1 disorder often have cotwins who have bipolar 2 disorder.24 In one study,24 
both bipolar 1 and bipolar 2 were heritable (73% and 58%, respectively), and the 
combined heritability of having either of these was 77%. Among MZ twins who had 
either bipolar diagnosis, 38% of their cotwins also had either bipolar 1 or bipolar 2. 
Among DZ twins who had either bipolar diagnosis, only 8% of their cotwins had one 
of the diagnoses. These findings suggest that the disorders may share an underlying 
genetic liability.

20.2.3 Depression and bipolar disorder
Depression and bipolar disorder may share a genetic liability that may cause cotwins 
or other family members of people diagnosed with one of these disorders to be more 
likely to develop either disorder. A broad definition of affective disorders that includes 
both depression and bipolar is slightly more heritable (89%) than a narrow definition 
that includes just bipolar disorder (85% in this study).25 Although this difference is 
small, it suggests that there may be genes unique to depression that do not contribute 
to variance in bipolar disorder. Thus, twin research has shown that depression and 
bipolar disorder are substantially heritable. Nonshared environmental factors are also 
important. Twin research has been instrumental in advancing our understanding of 
how depression and bipolar disorder develop.

20.3 Antisocial personality disorder (ASPD)
Antisocial behavior (AB) and ASPD have many serious negative consequences 
(financial, social, and emotional) for society, perpetrators, victims, and their 
families.26 Generally, twin studies investigating AB and ASPD have indicated 
significant heritability as well as both shared and nonshared environmental influences 
contributing to the emergence of these behaviors and diagnosis.5

A thorough review provides recent findings related to the genetic influences of 
ABs from a variety of genetic-based perspectives, including family-based designs.26 
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Raine27 provides a detailed discussion of underlying mechanisms related to ASPD 
from a clinical perspective. A detailed discussion of the interplay between genetic 
and environmental influences (e.g., gene-environment interaction and gene-envi-
ronment correlation) predicting antisociality also is available.28 Here, we provide a 
general overview of findings on AB and ASPD from recent behavior genetic studies.

One theoretical framework for examining antisociality, the developmental pro-
pensity model,29 proposes that the likelihood of learning AB across development is 
increased via the influence of interactions between children's genetically influenced 
characteristics and their environment.30 This model suggests that individual differ-
ences in certain traits, like negative emotionality, daring, and callousness, contribute 
to differences in the social environment children select, evoke, and respond to, lead-
ing to a greater propensity for antisociality.29 That is, these underlying individual 
differences in temperament facilitate social interactions that increase the likelihood 
for AB. For example, a child high in negative emotionality may respond to threats 
and frustrations with intense negative emotion, which may lead to antisocial interac-
tions involving oppositional and aggressive behaviors. Using a twin sample, Lahey 
and colleagues30 provide evidence in support of this model by demonstrating that the 
temperamental traits of high negative emotionality and daring and low prosociality in 
childhood (ages 10 to 17 years old) each independently predicted ASPD symptoms 
in adulthood (ages 22 to 31 years). Family based designs (twin and adoption stud-
ies) are useful for disentangling genetic and environmental influences and, thus, for 
further understanding the etiology of antisociality.5

20.3.1 Antisocial behavior (AB)
AB includes behaviors that are deviant, rule-breaking, aggressive, and/or involve 
other forms of misconduct.31,32 In general, meta-analyses of twin studies on AB 
suggest high heritability (50%–60%), with shared and nonshared environmental 
influences around 15% and 25%–35%, respectively.26,31 Research also indicates 
that genetic and shared environmental factors largely contribute to stability 
across development, whereas nonshared environmental influences contribute to 
developmental change.33,34 This means that environmental influences that make 
siblings different from each other (nonshared or uniquely-experienced environment) 
are largely responsible for changes in these behaviors over time. Although the 
relative contribution of underlying genetic and environmental influences of these 
behaviors do not differ across sex,35 findings do indicate higher overall scores for 
observed ABs in males compared to females.34 Given these discrepant findings (i.e., 
indicating similar underlying etiologies but differing prevalence rates across males 
and females), more research investigating these nuances between sexes is needed.35

It is also worth mentioning two adoption studies that showed significant inter-
action between genetic and environmental factors. A seminal adoption study by 
Mednick, Gabrielli, and Hutchings36 found that past criminal convictions of both 
biological parents (who shared genes with the adoptees) and adoptive parents (who 
shared environment with the adoptees) put children at greater risk for AB, but AB 
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was multiplicatively higher if both biological and adoptive parents had a history of 
criminal convictions (demonstrating gene-environment interaction). More recently, 
another study exploring the underlying etiology using an adoption design found the 
genetic and environmental influences of a child's birth father, but not birth mother, are 
significant contributors to AB.37 Thus, findings from adoption studies are consistent 
with those from twin studies. Many important questions remain regarding genetic and 
environmental influences on AB and serve as reminders that genetically informed 
investigations are especially beneficial for uncovering important influences that shape 
children's perceptions, attitudes, and behaviors.37

20.3.2 Antisocial personality disorder
ASPD encompasses certain disruptive behaviors that surpass a threshold and meet 
clinical diagnostic criteria,38 including aggressiveness, impulsivity, disregard for 
safety of self or others, and lack of remorse, in addition to chronic behaviors such as 
breaking the law, lying, and conning others for personal profit or pleasure.8 Similar to 
AB, ASPD diagnoses have been shown to be influenced significantly by both genetic 
and environmental influences.27 Genetic liability factors for ASPD remain mostly 
stable over time, and the main source of behavior change is related to environmental 
factors.39 That is, the mean number of ASPD criteria has been shown to decrease 
over a 10-year period, despite results also indicating stable genetic influences (i.e., 
highlighting the salience of environmental influences).

Previous research suggested ASPD was multidimensional, including behaviors of 
aggressive-disregard and disinhibition,40 meaning that these various forms of ASPD 
should be considered as different in terms of causes and symptoms. However, more 
recent twin work indicates otherwise. Common heritability (51%) has been shown 
across aggressive-disregard and disinhibition, suggesting a single dimension may 
underlie these behaviors.38 A recent population-based twin study examining crite-
ria for ASPD diagnoses provides further support for these recent findings.41 This 
study also found that ASPD may commonly include aggression and/or disinhibition; 
however, dependent on unique idiosyncrasies for each individual, they may present 
somewhat differently.41 This is in line with AB studies suggesting gene-environment 
interplay.28

It has been suggested that ASPD be considered a neurodevelopmental disorder, 
given that neural (e.g., prefrontal cortex, amygdala, striatum) and genetic markers 
(e.g., MAO-A), as well as early risk factors (e.g., birth complications, toxin exposure, 
traumatic brain injury), contribute to its developmental course.27 This is in line with 
results from twin studies of ASPD, which indicate significant genetic and environ-
mental effects contributing to diagnosis. Two recent twin studies have investigated 
some of these neurodevelopmental hypothesized markers for antisociality, includ-
ing the personality traits of sensation seeking and impulsivity and resting heart rate 
(RHR).42,43 Using two independent twin samples, Mann and colleagues43 examined 
sensation seeking and impulsivity, which they hypothesized were potential AB en-
dophenotypes (measurable components that exist between genotype and observable 
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phenotypes). Overall, this study found that large portions of genetic variance in AB 
were accounted for by these personality traits. They concluded that sensation seek-
ing and impulsivity likely represent nonclinical or sub-threshold expressions of a 
polygenic risk (i.e., genetic liability) for AB. Similarly, Hammerton and colleagues42 
investigated the influence of sensation seeking and impulsivity on AB, alongside a 
hypothesized biological marker, RHR. Although results did not indicate a direct ef-
fect of RHR on AB, they did indicate an indirect effect of RHR through sensation 
seeking, which builds upon the results found by Mann et al.43 Overall, the findings 
from these two studies suggest that sensation seeking may be one (potentially) influ-
ential marker of AB in need of further investigation.

In sum, the twin research literature suggests that both AB and ASPD have un-
derlying genetic and environmental contributors.38 For both, genetic variation plays 
an important role,26 but so too do environmental influences.39 As several reviews 
also conclude, more work is needed to further understand the underlying etiology of 
antisociality,26,28,44 further underscoring the necessity (and utility) of family based 
designs (twin and adoption studies) to investigate the complex underlying factors 
contributing to ASPD and AB.

20.4 Implications and future directions
The work described in this chapter highlights the influence of genetic factors on 
certain major forms of psychopathology, as well as the complex interplay between 
genes and environments that contributes to the expression of psychological disorders. 
It is important to acknowledge that even in cases where genetic influence on a disorder 
is presumed to be strong, for example in the case of schizophrenia, the genetically 
identical cotwin of a diagnosed individual will be diagnosed with schizophrenia in 
only about 50% of cases. This means that half of the time the cotwin will not be 
diagnosed with schizophrenia. Clearly, possessing certain genes confers risk for the 
disorder, but how do we understand the ways in which environmental factors protect 
from or contribute to the ultimate expression of disorder?

Longitudinal studies of twins discordant for a disorder, though challenging and 
costly to conduct, could provide an important vantage point. Where and when, for 
example, do discordant identical twins begin to show signs of diverging? Some 
work in the area of schizophrenia suggests that the crucial environmental factors 
may even occur prenatally.45 Continued work in this area may contribute to the 
identification of environmental interventions that could benefit individuals who are 
at risk for developing a given disorder. Other types of twin studies also are greatly 
advancing our understanding of the degree to which various psychopathologies 
share both genetic and environmental etiologies. For example, by studying twins, 
we have been able to demonstrate that some of the genes that are responsible for 
depression also are responsible for anxiety, but that different environmental experi-
ences may lead someone down one path or the other.46,47

Also humbling is the recognition that although there appear to be clear genetic 
contributions to the expression of psychopathology, we have not identified major 
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genes of effect. Rather, multiple genes of modest individual effect contribute to 
psychological disorders, with the likelihood that there are likely multiple pathways 
through which an ultimate phenotype will be expressed. Still, advances in molecular 
genetics may contribute to the development of targeted pharmacological interven-
tions for individuals diagnosed with various disorders. Twin studies provide essential 
upper limit estimates of heritability, thus augmenting molecular genetic research.10 
Such work might also spark ethical debates regarding whether genetically at-risk 
individuals who are asymptomatic or are experiencing prodromal symptoms, but are 
known to be at genetic risk, should be offered – or required to take – pharmacologi-
cal treatment in a preventive fashion. The ethical implications of future research are 
enormous and require us to move ahead carefully, fully considering the possible ram-
ifications of what we discover in terms of both genetic and environmental  influences 
on various psychopathologies.48

In a similar fashion, twin research with at-risk individuals that focuses on en-
vironmental factors that trigger psychopathology, or protect against it, may con-
tribute to advancement in the development of environmentally based prevention 
efforts and treatments. By studying twins, we can hold genetic influences constant 
and thereby better understand what environmental influences are significant trig-
gers for psychopathology. Even more interesting, twin studies allow us to investi-
gate some of the ways in which genes interact and correlate with different environ-
mental influences, providing us with an even greater understanding of the building 
blocks of disorders.

Future research in this field will move beyond the twin design to investigate inter-
actions among genes and between genes and environments. Epigenetics is the study 
of phenotypic changes in genetic expression as a function of environmental expo-
sure. These epigenetic processes may lead to differences in MZ twin phenotypes,49 
and they appear to be significant for understanding variation in presentations of men-
tal illness. Environmental experiences, especially during sensitive periods of devel-
opment, may cause changes in genetic expression that may not be evident until later 
in development.50 These “molecular scars” may be especially influential for mental 
illness,49 as evidence for schizophrenia suggests.

In sum, the field of psychopathology owes a huge debt to twin studies for unrav-
eling much of the puzzle of the story of psychopathology. Utilizing various types of 
naturalistic twin designs, researchers have been able to identify the degree to which 
genes influence many disorders and contribute to shared etiology across certain dis-
orders. In so doing, they have further identified environmental conditions that may 
lead to one disorder or another, controlling for genetic influences rather than ignoring 
them. The logic and elegance of the twin design46 has permitted the study of genetic 
and environmental factors that cannot be observed directly but whose effects can 
be measured. We believe that the picture is ultimately a hopeful one. Genes are not 
destiny – recall once again that identical twins who share all their genetic material 
are discordant for psychopathology in a substantial proportion of cases. We may not 
change genes, but we can continue to strive to understand the ways in which genes 
and environments intertwine to produce behavioral outcomes so that we might craft 
preventions and interventions that will have a positive personal and societal impact.
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21.1 General cognitive ability
In contrast to studies of normative cognitive aging, which focused on trajectories of 
performance on specific cognitive tasks,1–3 much of the early focus of early twin and 
family studies of development was on IQ (or general cognitive ability, GCA). The 
majority of studies were on children, adolescents, and young adults with the explicit 
purpose of demonstrating that genetic influences were important for cognition and 
a variety of other developmental outcomes (e.g., temperament and personality).4,5 
Indeed, these early studies could demonstrate that cognitive ability was heritable, 
and the relative importance of genetic influences appeared to increase from infancy 
through early adulthood. This led some behavior geneticists to predict that with age, 
the heritability of cognitive ability will increase,6 while others modeled a variety of 
different scenarios.7

Prior to the 1980s, there were no twin or family studies explicitly designed to 
study aging in general or cognitive aging in particular. The large twin registries in the 
Nordic countries did not have cognitive data on the adult twins. Other studies of adult 
twins that did have cognitive data were predominantly cross-sectional in design. In 
the 1980s and 1990s, several twin studies of aging were started in Sweden, Denmark, 
and the United States. The first results from the Swedish Adoption/Twin Study of 
Aging (SATSA), with twins on average 65 years of age, indicated that the heritability 
of GCA (80%) was substantially greater than estimates earlier in life (about 50%), 
whereas the heritability of general cognitive abilities in the OCTO-Twin study of 
octo- and nonagenarian twins was 62%. Longitudinal analyses of the Vietnam Era 
Twin Study of Aging (VETSA), representing the first half of the adult life span, in-
dicate strong and mildly increasing heritable contributions from age 20 to 61 years 
(59% to 64%).8 Longitudinal analyses of SATSA, representing the second half of the 
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lifespan, indicate that an apparent decrease in the heritability of GCA after 65 years 
reflected a decrease in genetic variance concomitant with an increase in environmen-
tal influences9 (see Fig. 21.1A).

21.2 Specific cognitive abilities
Investigations of cognitive aging have identified different patterns of aging across 
domains of cognitive function, indicating faster rates of decline in age-sensitive 
domains (e.g., spatial abilities, processing speed, fluid abilities) and stability until late 
adulthood in aging-resilient domains (e.g., verbal abilities, crystallized abilities).1–3 

FIG. 21.1 Genetic and environmental contributions to cognitive aging: SATSA (adapted 
from ref.9

Notes. Va = additive genetic variation; Vs = shared rearing environmental variation; 
Vc = correlated environmental variation; Ve = nonshared environmental variation of growth 
model; Vu = variation unexplained by growth model.
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In an attempt to understand these differences, twin studies of cognitive aging turned 
their focus from heritability of GCA to investigations of genetic and environmental 
contributions to age changes in specific cognitive abilities. Early work on cognitive 
aging, for example, demonstrated genetic influences on specific cognitive abilities 
independent of genetic influences on GCA10 and diverse heritability estimates for 
different cognitive abilities,11 indicating potential etiological differences in cognitive 
aging across domains. Subsequent research has leveraged both cross-sectional and 
longitudinal twin data to expand our understanding of the mechanisms that drive age 
changes in specific cognitive abilities. It is important to note that the methodological 
challenges associated with longitudinal studies also apply to longitudinal twin studies, 
particularly missing data due to selective drop-out and mortality. The effect of drop-
out of older or less-healthy individuals typically biases the mean upward, suggesting 
higher performance levels than would be expected in the population. With regard to 
twin analyses, nonrandom drop-out may reduce the extent of variance, although the 
impact on genetic versus environmental components of variance is unclear.

21.2.1 Age changes in genetic variance
Differences in genetic and environmental influences across cognitive domains 
may arise from variable action of genetic factors and environmental influences, 
as well as their interplay over time. Increasing genetic variance could result 
from amplification of existing genetic factors, a form of genetic canalization,12 
or via mechanisms of the gene by environment interplay that continue to act and 
accumulate over the lifespan.13 For example, positive feedback loops may result 
when we engage in behaviors that lead to experiences that in turn reinforce those 
behaviors, precipitating further experiences.12 In contrast, aging is also associated 
with decreases in evolutionary pressures as individuals age beyond child-bearing 
years,14 which could result in amplification of random or stochastic15 and epigenetic 
processes16 that may be reflected in increased environmental variance. Stability 
of environmental experiences in adulthood, paired with possible stability of gene 
action, may result in unchanging estimates of genetic and environmental variance for 
cognitive function.12,17 Importantly, examining patterns of age changes in variance 
components across specific cognitive abilities enables testing theories that cognitive 
aging is driven by a single general phenomenon or results from a collection of aging 
processes unique to each specific ability.18

21.2.2 Traditional cognitive domains
Investigations of changes with age in genetic and environmental variance of specific 
cognitive abilities have generally focused on four major domains of functioning: verbal, 
spatial, memory, and processing speed. However, differences in measures, populations, 
and methods often result in inconsistent results across studies.11 Two methods for 
resolving these differences are meta-analysis and analysis of pooled data (or pooled 
analysis). Meta-analysis involves a quantitative summary of published data, and the 
largest meta-analysis of twin data, incorporating millions of data points, suggested stable 
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heritability for verbal ability and memory over adulthood, but contained insufficient 
data about age differences in other cognitive domains to draw conclusions.19 A recent 
meta-analysis focusing specifically on domains of cognitive aging integrated data from 
19 twin and family studies from 12 countries including nearly 10,000 individuals from 
3819 twin pairs ranging in age from 14 to 98 years.20 Results indicated decreasing 
heritability for verbal ability after age 60, as well as modest decreases in heritability 
for processing speed. Estimates for general memory function and spatial ability were 
generally stable, with heritability peaking in midlife. These results suggest diverse 
aging processes in different cognitive domains, but meta-analyses of twin data are 
typically limited (by the published reports) to standardized components of variance. As 
a result, age changes in the underlying genetic and environmental variance components 
can be obscured by reliance on proportions of variance (heritability) instead of raw 
variance estimates. Moreover, sample age ranges may be reduced to mean age, further 
obfuscating the very age trend under investigation.

Pooled analyses, on the other hand, have the advantage of reanalysis of original 
raw data for both the cognitive measures and age, although harmonization of similar 
or identical measures from different studies can be challenging.21 The Interplay of 
Genes and Environment across Multiple Studies (IGEMS) twin consortium recently 
reported a pooled analysis incorporating data from over 14,000 individuals from 
twin studies in Sweden, Denmark, and the United States.22 Even though 47% of the 
sample overlapped with the meta-analysis reported by Reynolds and Finkel,20 the 
difference in approach (pooled versus meta-analysis) marked a unique test of theo-
ries of aging. In fact, pooled analyses of twin data for vocabulary and synonyms tests 
indicated generally increasing genetic variance with age, in contrast to the decreasing 
heritability for verbal abilities reported by the meta-analysis.20 Estimates of genetic 
variance for spatial ability and processing speed resulting from the pooled analyses 
were stable, similar to the results of the meta-analysis.

One limitation that both of these approaches shared was the reliance on cross-
sectional data, and there is ample evidence that results from longitudinal studies may 
differ, both for examinations of mean performance and genetic and environmental 
influences on performance.3,11 With longitudinal twin data, we can model the change 
trends over time and then examine genetic and environment influences on both the 
intercept (level at a given age) of that trend and the slope, or rate of change over 
time.23 Applying growth models to SATSA data to evaluate change trends over time, 
we observed two patterns: (1) genetic variance decreased after age 65 years for spa-
tial and speed abilities which are aging-vulnerable traits (see Fig. 21.1B), and (2) 
genetic variance increased for traits which are relatively age-resistant in terms of 
phenotypic change such as verbal abilities (see Fig. 21.1C). A review of longitudinal 
twin studies of cognitive aging reported strong heritabilities for the mean level in 
various cognitive domains, but typically much lower and more varied heritability 
estimates for rates of decline with age,11 a pattern that was confirmed in the VETSA 
study.8 To test theories that cognitive aging arises from a single general phenomenon 
or from a collection of processes unique to each cognitive ability, it is necessary 
to examine the extent to which genetic and environmental influences on intercepts 
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and rates of change are unique or overlapping across cognitive domains. Tucker-
Drob and colleagues24 applied a factor model that estimated general genetic and 
environmental influences common across cognitive domains and specific variance 
components unique to individual domains. As shown in Table 21.1, results indicate 
that genetic influences on cognitive aging are both unique to individual domains and 
general across domains. Both total genetic influences and common genetic influenc-
es are larger for intercepts (level at a given age) than for slopes (rates of change). In 
contrast, common environmental factors contributed a much larger portion to slopes 
than to intercepts. Across cognitive domains, values for shared and unique variance 
components varied considerably, indicating that multiple mechanisms likely play a 
role in aging in various cognitive domains.

21.2.3 Emerging cognitive domains
Recent advances in brain imaging have identified other domains of cognitive functioning 
fundamentally involved in aging processes, beyond conventional verbal, spatial, 
processing speed, and memory domains. For example, large age-related changes in brain 
structures are evident in areas involved in working memory, executive function, and 
language processing.25 These abilities are important to successful daily functioning and 
indeed represent the more age-sensitive cognitive traits.26 Working memory is identified 
by memory span tests requiring both processing and storage of information. Measures 
of working memory such as backward digit span and letter-number span are modestly 
heritable in mid to late adulthood, although it is unclear whether genetic influences are 

TABLE 21.1 Proportions of variance attributable to genetic (G) and envi-
ronmental (E) factors common across cognitive domains and unique to each 
domain.

Cognitive 
domain

Common 
G factors

Unique G 
factors

Total G Common 
E factors

Unique E 
factors

Total E

Verbal
Intercept 49.99% 37.25% 87.24%  4.11%  8.65% 12.76%
Slope 30.21% 31.82% 62.03% 26.11% 11.87% 37.98%
Spatial
Intercept 71.12% 19.98% 91.10%  5.85%  3.04%  8.89%
Slope 50.98%  4.86% 55.84% 44.05%  0.11% 44.16%
Memory
Intercept 53.15% 37.00% 90.15%  4.37%  5.48%  9.85%
Slope 43.72%  1.70% 45.42% 37.78% 16.79% 54.57%
Speed
Intercept 73.93% 12.99% 86.92%  6.08%  7.00% 13.08%
Slope 41.76% 14.50% 56.26% 36.08%  7.66% 43.74%

Adapted from Tucker-Drob et al.24
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stable across the lifespan or decrease somewhat with age.20,22 Executive functions are 
separable traits from GCA and other traditional cognitive domains and include processes 
such as inhibitory control and set-shifting, working memory, planning, and verbal 
fluency among others.27 Measures of executive functions may be particularly important 
for tapping subtle cognitive changes in midlife, but few twin studies of aging have 
incorporated the relevant tests. Results from those studies indicate modest heritability 
(29%–46%) for measures of executive function in midlife, with some evidence of 
decreasing heritability across adulthood.28,29 Beyond simple vocabulary, measures of 
flexibility with language may play an important role in predicting cognitive decline, 
such as verbal and semantic fluency measures that require participants to start from a 
given semantic category or alphabetical letter and generate as many unique words as 
possible.30 A pooled analysis of data from 21,856 adults from the IGEMS consortium 
found that heritability for verbal fluency decreased with age from 58% in midlife to 40% 
in late adulthood.31

21.2.4 Summary
In summary, examination of genetic and environmental influences on specific 
cognitive abilities indicates a variety of differences across domains: evidence for 
both increasing and decreasing genetic variance, and evidence for genetic and 
environmental factors common across domains and unique to individual tests. Thus, 
we find support for amplification of existing genetic factors across the lifespan in 
some cognitive domains and possible increases in random or stochastic processes 
in other domains. Although a portion of cognitive aging may be driven by a single 
general phenomenon, evidence also indicates aging processes unique to each specific 
ability. Ultimately, more longitudinal investigations of change from midlife through 
late adulthood incorporating measurements in multiple cognitive domains, possibly 
via meta-analyses and pooled analyses, are necessary to expand our understanding of 
the mechanisms of cognitive aging.

21.3 Molecular genetics
With the mapping of the human genome, researchers were able to investigate not 
just genetic and environmental variance, but the specific genes and genetic loci 
that underly the genetic variance in cognitive function. A recent systematic review 
highlights candidate gene and polygenic scores in studies of cognitive aging in mainly 
community-based or population-based samples of older adults.32 Polygenic scores 
are based on the very small but cumulative contributions of hundreds or thousands of 
variants across of genes. They are formed by summing up each individual’s alleles 
(SNPs) that contribute to a trait outcome in a genome-wide association study (GWAS) 
where each allele is weighted by effect sizes observed in the GWAS (see https://www.
genome.gov/Health/Genomics-and-Medicine/Polygenic-risk-scores). The resulting 
score indicates an individual’s composite genetic risk for developing the trait in 

https://www.genome.gov/Health/Genomics-and-Medicine/Polygenic-risk-scores
https://www.genome.gov/Health/Genomics-and-Medicine/Polygenic-risk-scores
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question. By and large, studies of dementia suggest a crucial role for apolipoprotein 
E that is coded by the APOE gene, the primary cholesterol transporter in the brain 
(https://ghr.nlm.nih.gov/gene/APOE). The APOE ε4 variant is a confirmed risk 
variant for Alzheimer’s disease33 and normative cognitive decline including GCA 
and episodic memory.32,34 Specifically those who carry the APOE ε4 risk allele—
associated with increase beta-amyloid deposition that is a key component of neuritic 
plaques, as well as tangles—show worse performance and longitudinal decline.32,34 
The size of the effect of the APOE ε4 allele on cognitive change, based on a meta-
analysis of the Cognitive Ageing Genetics in England and Scotland (CAGES) 
samples,34 suggests a decline in performance of about .2 standard deviations per 10 
years, equivalent to a drop of 3 IQ points every 10 years. Polygenic risk scores have 
been examined for association with cognitive performance across the lifespan and/
or cognitive aging based on GWAS of GCA35 or IQ,36 educational attainment,37 and 
Alzheimer’s disease adults.32 Generally, findings support the contribution of many 
genes each of very small effect for cognitive performance across the adult lifespan38 
such that having a higher polygenic score for GCA and IQ predicts better performance 
on cognitive tests,35,36 higher polygenic score for educational attainment is associated 
with genes that contribute to better cognitive performance37,38 and a reduced risk 
for Alzheimer’s disease.37,38 With respect to cognitive decline, there may be small 
contributions of other AD-risk genes to cognitive performance and decline apart 
from APOE, for example, in related cholesterol or immune/inflammatory pathways, 
but the effects are fleeting across studies.32 Likewise, studies of Alzheimer’s disease 
risk show a smaller effect of measured polygenic factors apart from APOE as well.33 
Fig. 21.2 shows a word cloud that indicates the extent to which the top 25 identified 

FIG. 21.2 Word cloud representing Top 25 gene loci in an Alzheimer's disease GWAS based 
on ref.39

Note. Non-APOE gene loci weighted by maximum priority ranking (c.f. Fig 21.2 and 
Supplementary Table 24 in ref.39); APOE assigned highest weight based on established 
evidence.

https://ghr.nlm.nih.gov/gene/APOE
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gene loci may be functionally involved in AD-relevant gene pathways, tissues and 
disease risk (i.e., AD/dementia risk above other disease traits) as identified in a 2019 
AD GWAS meta-analysis;39 we assigned APOE the highest priority score given its 
established role, as it had been excluded by design from the rankings.

Earlier work using twin methods sought to verify or disconfirm candidate gene 
associations with cognition and cognitive decline while controlling for family an-
cestry to counter the possibility of spurious effects, including APOE and other genes 
that participate in similar pathways.40 However, in the wake of small effect sizes 
and failure to replicate many candidate associations in twin and other population-
based samples,41 the advent of GWASs provided more powerful ways to evaluate 
(and replicate) measured genetic contributions to complex traits such as cognitive 
aging. Indeed, data from twin studies are often included in large scale GWAS that 
examines single nucleotide polymorphisms (SNPs) associations with GCA and 
IQ,35,36 and educational attainment.37 Polygenic scores formed from multiple vari-
ants occurring within a particular gene known to affect dementia risk42 or from 
variants within and across multiple genes based on GWAS of AD43 are included in 
analyses of cognitive change and functioning in twins. As yet, it is uncommon to 
include polygenic scores within standard biometrical twin models though method 
development is emerging.44,45

21.3.1 Missing heritability?
In addition to polygenic scores, the contribution of all common SNP variants (SNP-
heritability) contributing to GCA performance and change has been estimated on 
the basis of the tiny but varying amount allele-sharing among unrelated individuals 
using methods such as GCTA-GREML46 which can be compared to heritability 
estimates from twin studies. Specifically, common variants explained 40% and 
51% of crystalized and fluid performance in aging UK adults47 and 21.5%–29% 
in consortia studies with samples from the United States, UK, Scandinavia, and 
Western Europe.48,49 Moreover, common variants explained 24% of variation in 
change in GCA/IQ from childhood to late adulthood in Scottish samples, assuming 
invariance of the cognitive measurements.50 In other studies of SNP heritability 
of mainly midlife adult performance levels in participants from the UK Biobank 
studies, heritability estimates run the gamut from 5% to 31% for memory, reaction 
time, executive functioning, and verbal-numerical reasoning.51,52 The GTCA-
GREML heritability estimates, while strong especially for GCA performance 
levels, are lower than comparable heritability estimates based on twin and family 
data.22,53

Reasons proposed for the gap between SNP- and twin-based heritabilities include 
that SNP arrays typically capture contributions of common not rare genetic variants, 
that only additive effects of genes are estimated (excluding nonadditivity such as 
dominance and epistasis), and that SNP-heritability methods do not capture gene-
environment interactions.46,54 However, it has also been proposed that twin studies 
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overestimate heritability perhaps because of possibly untenable assumptions such 
as the equal environments assumption whereby environmental factors contribute 
equally to both MZ and DZ twin similarity.46,54 The missing heritability gap is not 
just observed for cognitive traits but indeed the gap is often even larger in other trait 
domains.55 Approaches to testing the validity of twin-based heritabilities have in-
cluded evaluating census data to avoid sampling biases of participating families, for 
example, in the case of educational achievement scores in primary school children,56 
and evaluating whole-genome sequencing data where the contributions of very rare 
variants can be accounted for in constructing SNP-based heritability estimates,57 for 
example, adult BMI and height.58 In these test-cases, estimated heritabilities were as 
high58 or even higher56 than twin studies, suggesting that twin studies are not consis-
tently overestimating heritabilities per se and may more fully capture contributions 
of rare variants as well as nonadditivity. That said, additional influences often unac-
counted for by both the classic twin models and SNP-heritability approaches are the 
influences of assortative mating and GE interplay,57 such as gene by environment 
(GxE) interaction and gene-environment correlation (rGE).

21.3.2 Gene environment interplay
Twin and family based approaches may illuminate processes of direct versus indirect 
genetic influences, including rGE and GxE, unavailable to population-based GWAS 
studies of individuals.57 rGE refers to environmental experiences that are associated 
with genetic factors, for example, via the pursuit of environmental experiences that 
fits with an individual’s genetically influenced traits, such as an aspiring individual 
with design skills seeking training and occupations in architecture (active rGE 
or niche-picking).59 GxE refers to the differential sensitivity to environmental 
experiences due to genetic factors.59 Comparing differences in cognitive aging 
trends within pairs of MZ twins indexes the extent to which non-shared factors 
contribute to dissimilarity (E) and if the within-pair differences vary by genotype 
this may reflect one form of GxE.60,61 Evidence for differential MZ pair differences 
has been observed for cognitive performance62 and rate of change63 as well as for 
traits associated with cognitive aging such as depressive symptoms and BMI in twin 
samples across multiple countries.62 Heterogeneity in MZ within-pair differences 
as a general indicator of GxE has been observed to increase with age after age 
40 years for spatial reasoning and short-term memory, but decrease with age for 
processing speed62 whereas for BMI and depressive symptoms observed GxE 
effects were steady across age. Moreover, APOE may partly index the “G” in the 
GxE for cognitive performance with respect to spatial reasoning62 and change in 
semantic memory over time63 where those who do not carry the ε4 risk variant show 
greater within-pair differences suggesting that those without the ε4 risk variant 
may be sensitive to environmental factors that precipitate or buffer performance 
declines.62,63 The “E” is harder to determine as many putative environments show 
genetic influences as well.64 However, those who do not carry the ε4 risk allele 
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may be sensitive to stress-related environmental aspects given that within-pair 
differences in depressive symptoms were associated with differences in semantic 
memory change.63 Moreover, in the United States and Swedish MZ pairs, ε4 
noncarriers showed greater within-pair differences than ε4 carriers in depressive 
symptoms, consistent with spatial reasoning and change in semantic memory, where 
in Danish MZ pairs, ε4 carriers showed greater differences in depressive symptoms 
suggesting that GxE patterns may not be universal.62

A measurable index of GxE contributions to cognitive aging includes age- 
related epigenetic changes, such as age-related DNA methylation patterns observed 
in the brain, notably the hippocampus and prefrontal cortex showing reduced gene 
expression.65 While DNA methylation typically results in reduced gene expression 
it is not invariably the case and reductions or activation of gene expression depends 
on the location of the methylation tag (typically residing between CG base repeats, 
called CpG’s) within a gene as well as gene/genomic structures.65 Altered DNA 
methylation in part may result from our behaviors and experiences and thus meth-
ylation patterns may be modifiable, although individual differences in methylation 
observed in whole blood tissues are partly heritable for many methylation sites.66,67 
Overall, in late life the heritability of CpG sites, including additive and nonaddi-
tive genetic influences, is about 24% at age 69 and 18% at age 79 years,66 which 
is comparable to studies of younger twins.67 Moreover, age-related CpG sites (i.e., 
where methylation patterns correlate with chronological age) are among the most 
heritable even in late life and across time (29%–39% broad heritability) with the 
most heritable-familial sites residing in genes in immune-inflammatory and neu-
rotransmitter pathways.66 A meta-analysis involving blood-based methylation data 
from nontwin and twin cohorts suggests some association of DNA methylation for 
GCA and verbal fluency performance levels but no sites predicted cognitive change 
in a smaller subsample.68 However, an epigenome-wide (EWAS) study of cognitive 
change across midlife in 243 Danish MZ twin pairs based on blood DNA methyla-
tion suggests that altered methylation in genes involved in neuronal survival (e.g., 
AGBL4) may be relevant to differential GCA change using within-pair approach.69 
To our knowledge, no published study to date has looked jointly at the longitudinal 
change in DNA methylation and longitudinal change in cognition, instead relying 
on a single time-point of methylation, but such findings will be forthcoming in 
 studies such as SATSA.

21.3.3 Summary
In summary, measured genetic influences have been uncovered for cognitive 
performance and change, albeit the magnitude of their contributions appears smaller 
than that found in twin and family studies. Genetic variants such as APOE index a 
salient measured influence on change in GCA as well as dementia risk. Moreover, 
GxE may be evident for APOE in combination with stress-provoking environmental 
experiences that contribute to accelerating change in specific genitive abilities. 
Polygenic contributions, beyond APOE, are evident for cognitive aging but the 
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magnitude of their contribution is less clear. Ultimately, large-scale longitudinal 
investigations of change from midlife through late adulthood, via GWAS and EWAS 
meta-analyses and pooled analyses, are necessary to expand our understanding of the 
measured polygenic and epigenetic contributions to cognitive aging.

21.4 Cognitive aging in context
Understanding the contexts in which cognitive aging occurs is fundamental to 
understanding cognitive aging processes, both within (physical) and outside 
(environmental) the individual. Cognition occurs within the brain, which is, of course, 
a physical entity that experiences physical aging. Cross-domain twin analyses can 
investigate whether unique and overlapping genetic factors that influence physical 
aging also play a role in cognitive aging. Moreover, cognitive aging occurs within 
an environmental context that may suppress or intensify the action of genetic factors 
via GxE interaction. To illustrate these internal and external contexts we will discuss 
one of the many physical correlates of cognitive aging (lung function) and one of the 
most impactful environmental factors (socio-economic status).

21.4.1 Lung function and cognitive aging
There are three possible mechanisms for cross-domain relationships between lung 
function and cognitive aging: physical health could impact subsequent cognitive 
function, cognitive function may underlie the maintenance of health and lifestyle 
habits that support lung function, or processes associated with aging could affect 
both cognition and lung function.70 Pulmonary function predicts later cognitive 
function in older adults in population-based studies,71,72 possibly as a result of 
processes such as hypoxia, reduced neurotransmitter function, increased systemic 
inflammatory processes, or a combination of factors. Cross-domain longitudinal twin 
studies of cognition and lung function report that genetic factors that contribute to 
lung function at baseline are associated with those contributing to cognitive function 
6 years later,73 suggesting a genetically influenced biological process common to 
both. Data from multiple waves of testing can be leveraged to investigate which 
variable changes first and contributes to subsequent changes in other variables.74 An 
analysis of longitudinal lung and cognitive function across 19 years indicated that 
genetic variance for lung function preceded or was an early indicator of subsequent 
cognitive function changes with age.75 For this cross-domain relationship, then, 
evidence suggests that genetic influences on physical health (lung function) impact 
subsequent cognitive function. In other domains, the relationship with cognitive 
aging may be more complex (e.g., cardiovascular health76,77).

21.4.2 Socioeconomic status and cognitive aging
An extensive literature documents that socioeconomic status (SES), including 
occupational status, income, and educational attainment, is associated with a 
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broad array of late-life outcomes including cognitive function.78 GxE interaction 
occurs when the strength of genetic influence is moderated by environmental 
circumstances such as SES. Adverse environments raise the risk of poor 
outcomes for everyone, but the diathesis-stress model hypothesizes that high-risk 
environments (e.g., low SES) will have greater impact on high-risk genotypes.79,80 
Social compensation is an extension of the diathesis-stress model in which 
an enriched environment (high SES) prevents the expression of an underlying 
genetic vulnerability.81 Social enhancement80–82 and social distinction79 models 
predict that the influences of high or low SES are not distributed equally, but 
rather, accrue preferentially to a subset of individuals with genotypes that are 
responsive to the social environment.

Extensive research has demonstrated that in childhood, genetic variance and heri-
tability for intelligence tend to be diminished in lower SES rearing environments and 
maximized in higher SES rearing environments,83 providing support for the social 
enhancement model of GxE interaction. A recent meta-analysis of the gene by SES 
interaction on cognitive functioning, however, indicated that results are not consis-
tent across studies and countries.84 In considering cognitive aging, it is possible that 
childhood SES has long-term direct or indirect effects on genetic variance in adult 
cognitive functioning or that the more proximal measure of attained adult SES plays 
a larger role in genetic influences on cognition. Twin studies have found little support 
for an association between childhood SES and genetic influences on adult cognitive 
functioning.85,86 In fact, an analysis of within-pair differences in twins reared apart 
found that the association between childhood SES and adult cognition did not remain 
after adjusting for genetic factors, indicating that the association between SES and 
cognition could not be attributed to the causal effects of rearing environment on cog-
nitive outcomes (Fig. 21.3).87

Because our own characteristics and behaviors contribute to our attained adult 
SES, it is possible that the association of adult cognition with adult SES differs 
completely from the relationship with childhood SES. Childhood experiences 
provide a foundation on which to build adult SES, contributing to passive gene-
environment correlations (rGE). In contrast, we construct our adult SES through 
making choices and constructing our environments in a reflection of active gene-
environment correlation.13 A pooled analysis of data from the IGEMS consortium 
including over 12,000 individuals ranging in age from 27 to 98 years found mixed 
results for the nature of the relationship between adult SES and adult cognition, 
depending on the specific cognitive ability.88 In some cognitive domains (verbal, 
spatial, memory), genetic variance was stable across levels of attained SES. In oth-
er domains (perceptual speed), genetic influences tended to be amplified in higher 
SES environments, providing modest support for the social enhancement model of 
GxE interaction. Perceptual speed is the cognitive component that declines most 
rapidly and universally with aging;89 it is possible that speed is also uniquely sus-
ceptible to the benefits of enriching experiences that may accrue at higher levels 
of attained SES.
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21.5 Future directions
Although considerable progress has been made since the growth of twin studies of 
older adults in the early 1980s, further work is necessary to achieve an understanding 
of the etiologies and dynamics underlying cognitive performance and change across 
adulthood. Future work in the field should include molecular genetics, cognitive 
ability phenotypes, focus on GE interplay with greater environmental specificity, and 
continued use of both quantitative and molecular approaches.90 Molecular genetics 
has not yet helped resolve the distinction between normative cognitive aging and 
pathological aging. APOE, for example, is associated with both cognitive aging in 
the normal range and dementia risk.32,34,91 Improved assessment and differentiation 
of normative cognitive aging, mild cognitive impairment, and various dementias 
will contribute to advances in our understanding of the etiology.92 Moreover, 
understanding the complex interplay of specific environments and altered gene 

FIG.21.3 Results of between and within-pair analyses of the association between rearing 
SES and GCA and four specific cognitive domains in twins reared apart (adapted from ref.87: 
(A) unadjusted for attained SES, (B) adjusted for attain SES. Notes: The between results 
(i.e. the pair averages) indicate the effect of rearing SES on the levels of cognitive abilities 
at age 65—equivalent to the population effects. The within-pair results (deviations from the 
pair mean, hence controlling for genetic and familial factors) are lower, indicating that the 
association between rearing SES and late life cognition cannot be considered causal.
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expression, as indexed by DNA methylation and other epigenetic processes, may be 
helpful in understanding complex resilience and vulnerability factors that relate to 
differential patterns of cognitive aging and dysfunction.93

Developments in identifying specific genetic factors underlying cognitive aging 
are only beginning to be matched by innovations in specificity of environment mea-
sures. For example, interest in neighborhood-level effects on the experience of aging 
has been growing over the past 20 years.94 Neighborhood-level factors encompass 
more than measures of individual socioeconomic position. Instead, measures can 
include relative socioeconomic position, experienced/subjective socioeconomic po-
sition, population density, food environment, characteristics of the built environment 
(e.g., distance to transportation, walkability), and social environment.94,95 Growth 
in research on neighborhood-level factors reflects, in part, the influence of contex-
tualized perspectives on functioning in late adulthood as an alternative to models 
that focus on individual-level variables.96 One study of geography and cognitive 
aging used the co-twin control design to control for genetic and familial effects, 
thus highlighting the geographical variation in dementia rates in Sweden. Results 
indicated that dementia rates were significantly higher in sparsely populated areas.97 
Differences in quality and access to health care, environments, and educational and 
occupational opportunities during the 20th and now 21st centuries may play a role 
in qualitative differences in etiologies and GE interplay contributing to cognitive 
aging.

Our review of research demonstrates that both twin studies and molecular studies 
continue to serve as important resources for investigations of genetic and environ-
mental factors contributing to cognitive aging.98 Moreover, methods that combine 
estimates of variance components with identified polygenic factors show promise 
for increased understanding of genetic pathways45,99 as will methods that reveal 
GE interplay of specific environmental and genetic factors, and resulting epigenetic 
 consequences, that unfold across time.
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22.1 Introduction
Tobacco is derived from the plant Nicotiana tabacum, which originates from the 
Americas and was widely used there well before the arrival of Europeans over five 
centuries ago. The use of chewed or smoked tobacco spread subsequently in Europe. 
Only after the invention of the cigarette-making machine in the 1880s—over one 
hundred years ago—did cigarettes become the dominant form of tobacco use and 
a mass consumer product. Smoking was very common and wide-spread in many 
countries during the first half of the 20th century and mass-marketed by the tobacco 
industry.

After WWII, increasing evidence for detrimental effects of smoking on health 
accumulated, with major epidemiological studies showing the associations of smok-
ing with lung cancer, chronic obstructive lung disease, and cardiovascular disease. 
Notable papers are the landmark studies of Doll and Hill1 and Wynder and Graham.2 
These findings were summarized in several influential governmental reports, such as 
the 1964 Surgeon General’s Report on Smoking and Health. Smoking was identified 
as a cause of these diseases based on the available scientific evidence. This conclu-
sion of a causal relationship was not universally accepted, notably by the tobacco 
industry at that time. It was hypothesized that there was a third factor, namely genetic 
predisposition, that led to both smoking and later lung cancer. The genetic basis for 
smoking was suggested by the greater similarity of MZ than DZ pairs for smoking. 
Based on this, the well-known statistician, R.A. Fisher wrote in Nature in 19583,4 
that the hypothesis of the causality of the association between smoking and disease, 
which was based on observational epidemiological evidence, could be tested using 
twins. By studying twin pairs in which one twin smoked and the other did not, it is 
possible to control for the unmeasurable (at that time) genetic predisposition. As a 
consequence of this debate, the Swedish Twin Register was established to test this 
hypothesis in the 1960s, and the Finnish Twin Cohort study was established in the 
1970s for constructive replication. We return to the results of studies on twin pairs 
discordant for smoking later in the chapter.

In the decades following the Surgeon General’s 1964 report, increasing evidence 
for the health effects of smoking on smokers emerged. Further, evidence accrued that 
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persons, who were not smokers but were exposed to cigarette smoke (i.e., second-
hand smoke (SHS)) had an increased risk of disease. As a result, more people quit 
smoking and governments introduced multiple tobacco control measures during the 
last decades of the 20th century. By the end of the century, it was universally accepted 
that tobacco causes diseases and that nicotine in tobacco is addictive. Smoking and 
tobacco use decreased in many developed countries but has increased in many other 
parts of the world. Global tobacco control efforts have intensified since the Framework 
Convention on Tobacco Control was established in 2003. Overall, 25% of men and 
5% of women smoked worldwide in 2015 (Lancet, 2017). A comprehensive introduc-
tion to the health, economic and environmental impact of tobacco is provided by the 
Tobacco Atlas (https://tobaccoatlas.org/). A comprehensive report on the diseases and 
disorders caused and/or associated with smoking is the U.S. Surgeon General 2014 
landmark document “The Health Consequences of Smoking—50 Years of Progress.”

22.2 Natural history of smoking behavior
Smoking is a complex behavior that results from the interplay of biological, 
psychological, and social interactions occurring in a given societal context. Smoking 
cigarettes has been and still is the most common form of tobacco use, and the early 
twin studies focused on cigarette smoking. The main addictive substance in tobacco 
is nicotine,5 which can be delivered through other smoked tobacco products such as 
cigars and pipes. Smokeless tobacco also delivers nicotine, and there are many different 
forms of smokeless tobacco with varying degrees of harm (IARC, 2004). Over the past 
decade, e-cigarettes have proliferated as a nicotine-delivery device. This review will 
focus on studies of smoking, particularly of cigarettes as these are the most common 
form of use. In addition, smoked tobacco is the most harmful nicotine delivery method. 
Currently, twin studies are increasingly interested in nicotine, its metabolism and health 
effects. Many of the health effects of cigarettes have been attributed to components of 
tobacco smoke such as carbon monoxide, radioactivity from polonium, and the toxic 
mix of carcinogens found among the thousands of chemical ingredients that are inhaled 
by a smoker. These individual components have rarely been the subject of genetic 
studies to investigate interindividual differences in the effects of exposure.

To understand smoking and where genetic and environmental influences may 
exert effects, components of smoking behaviors have been identified and studied. 
Smoking begins with experimentation; about two-thirds of those persons who ever 
smoke an entire cigarette become regular smokers—which typically is defined as 
having smoked more than 100 cigarettes. Regular smoking may last decades, often a 
lifetime. After such initiation of smoking, tolerance develops and the amount smoked 
increases until the smoker reaches a fairly stable level of use. Thus, the smoker be-
comes exposed to ever-increasing amounts of smoke and the multiple compounds in 
smoke. Early studies, also in twins, distinguished only between having never smoked 
and being a regular smoker. A regular smoker, i.e. someone who smoked daily or al-
most daily might then continue to smoke for years or quit smoking. After successful 
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smoking cessation, they would be classified as a former smoker. The amount smoked 
daily is one measure of tolerance; tolerance reflects the ability and needs to ingest 
increasingly larger amounts of a psychoactive agent to achieve the same desired psy-
chological effect. This process of the brain adapting to the effect of the drug is known 
as neuroadaptation. Consequently, larger consumption leads to greater exposure to 
the toxic components of tobacco products. Nicotine dependence is reflected in dif-
ficulty quitting smoking successfully, craving, and withdrawal symptoms. Fig. 22.1 
summarizes the development of smoking behavior and indicates the broad categories 
of factors affecting this development.

22.3 Twin studies past and present—the aim of the review
Almost all twin studies conducted in the last century use rather crude classifications 
of smoking status and analyzed quantity typically smoked. These studies have been 
reviewed extensively and I refer the reader to three reviews for details6–8 of these 
older studies. Only at the end of the century, were there more detailed analyses of 
the amount smoked and degree of nicotine dependence. The twin studies on smoking 
quantity, nicotine dependence, and smoking cessation published in the first decade of 
the 21st century are summarized by Rose et al.7

FIG. 22.1 Bio-behavioral model on development of smoking and nicotine/tobacco dependence.

English version translated from and based on Finnish original Figure 2 developed by 
Tellervo Korhonen, Ulla Broms, and Jaakko Kaprio and published in the Prevention and 
Treatment of Smoking and Nicotine Dependence Current Care Guidelines. Working group 
set up by the Finnish Medical Society Duodecim and the Finnish Cardiac Society. Helsinki: 
The Finnish Medical Society Duodecim, 2018 (referenced June 29, 2020). Available online 
at: www.kaypahoito.fi

http://www.kaypahoito.fi
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The present review focuses on developments of study designs that extend beyond 
the classic twin design and estimation of heritability, including the introduction of 
novel measures of smoking behavior, and designs to test causal hypotheses linking 
smoking to health outcomes. The review does not encompass all published papers on 
twins and smoking, but I rather seek to highlight new approaches and some interesting 
findings over the past decade.

22.4 Genetic and environmental 
influences on smoking behavior
As reported by Rose et al.,7 estimates of heritability of smoking initiation for studies 
published before 2008 come mainly from a fairly limited set of countries (Northern 
Europe, North America, and Australia), with study-specific estimates ranging from 
0.22 to 0.72. Most of these studies also provided evidence for shared environmental 
effects. In the most definitive study so far based on data from 19313 pairs in 11 
population-based twin samples from the United States, Europe, and Australia, 
adolescent smoking initiation was studied.9 Altogether, 76,358 longitudinal 
assessments had been conducted of twins from same- and opposite-sex pairs between 
1983 and 2007. Results showed that both additive genetic and shared environmental 
factors contribute to variance in initiation throughout adolescence. The estimate 
of additive genetic contributions increased from 15% to 45% from ages 13 to 19, 
while shared environmental factors were highest at age 13 (70%) and diminished 
by age 19 to about 40%. By young adulthood, shared environmental effects largely 
disappear.10 Consistent with these findings, molecular genetic analyses from genome-
wide association studies (GWAS) on almost one million adults11 identified multiple 
genes related to smoking initiation. Common variants related to smoking initiation 
accounted overall for eight percent of the variation. Thus, a substantial fraction of the 
heritability from twin studies remains unaccounted for.

Some of that unaccounted variance can be assessed by analyzing better measures 
of smoking experimentation and of the process to becoming a regular smoker. Typi-
cally, an adolescent tries one cigarette and then progresses to smoke another. It may 
be pleasurable or there may be peer pressure to continue from smokers in the family 
and friend network. This leads to smoking becoming more regular but not necessarily 
daily. Eventually, most smokers become daily smokers, and the amount they smoke 
increases as they develop tolerance to nicotine. Many regular smokers but not all 
become nicotine dependent.

The process of developing dependence can be studied using multiple repeated 
measurements during adolescence. This was done in the Nicotine Dependence in 
Teens Study.12 Interviews later in life provide another mode of data collection, 
such as in the Nicotine Addiction Genetics study, where detailed information was 
collected from twin pairs, where both twins were heavy smokers, and from their 
first-degree relatives.13 Measures of initiation included the age at first puff on a 
cigarette, age at smoking a full cigarette and the time elapsed before the second 
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cigarette was smoked. The process of becoming a smoker can be rapid or slow, so 
the researchers also recorded the age when weekly smoking and daily smoking 
started. For all of these measures, similarity was greater among MZ than DZ pairs 
indicating the presence of genetic effects on the rate of uptake of smoking. Sub-
sequent GWAS analyses sought to identify specific genes for the rate (or speed) at 
which a person becomes a regular smoker.14 Unfortunately, the limited sample size 
did not permit definitive identification of associated genes. A large American twin 
study found modest heritability in the time (in years) from initiation of smoking to 
the age of first dependence symptoms (a2 = 0.24) and age of onset of dependence 
(a2 = 0.18),15 but there was no evidence for shared environmental effects. In con-
trast, age at initiation showed  genetic effects (a2 = 0.39) and shared environmental 
effects (c2 = 0.15).

Adolescents often experiment with a variety of drugs and may use for example 
alcohol when trying smoking. Thus, it was not surprising that age at initiation for 
smoking shares genetic influences with the age of initiation for alcohol use and can-
nabis.16 In a subsequent study, the ordering of substance use was compared within-
pairs, i.e. by looking at which of two siblings in a family used drugs first and in which 
order. This analysis conducted within families provided evidence that use of one 
drug does in fact lead to use of another.17 A similar within-pair comparison of age of 
onset of regular smoking within MZ pairs suggested a direct causal effect of nicotine 
exposure on later degree of nicotine dependence.18

Also, subjective effects of various drugs, including nicotine, are heritable; in-
dexed by traits such as dizziness on smoking one’s first cigarette19 or sensations felt 
during smoking of the first cigarette.13 For subjective effects, there is also genetic 
covariation across different drugs.20 Overall, there is substantial evidence from twin 
studies that genetic influences are shared across many aspects of smoking and oth-
er drug-use (including alcohol) behaviors21,22 and more recently this has also been 
supported from molecular genetic studies.11 Thus, when seeking to understand why 
some people are more liable to become users and addicted it is important to study 
use across different drugs.

In addition to studying persistence versus cessation of smoking as a binary trait,7 
there have also been studies of smoking expectancies, that is, beliefs about future 
outcomes such as quitting smoking. Smoking expectancies are dependent on the 
degree of nicotine dependence,23 but strong genetic effects on most expectancies 
were not seen in that study. A longitudinal study from the Netherlands Twin Regis-
ter,24 asked participants whether they thought that they would be smoking in a year’s 
time. This ability of a person to predict their future smoking status was called smok-
ing expectancy, that is, the persons belief in what their smoking status would be in 
the future. The study showed that smoking expectancies corresponded to a realized 
smoking status better among never and former smokers than among current smok-
ers. One could interpret this to mean that current smokers have an overly optimistic 
view of their ability to quit smoking. In addition, interindividual variation in smoking 
expectancy showed moderate heritability, 59% in adolescents versus 27% in adults. 
Molecular genetic work indicates that there are specific genetic variants underlying 
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the ability to quit successfully, and these only partially overlap with genes associated 
with the amount smoked and smoking initiation.11 In that large meta-analysis of 
European populations, the genetic correlations were 0.33 between smoking initiation 
and amount smoked, 0.40 between smoking initiation and smoking cessation, and 
0.42 between amount smoked and smoking cessation.11

Nicotine dependence has been assessed indirectly using a measure of heaviness 
of smoking, that is, cigarettes per day (CPD). This taps into one very central aspect 
of nicotine dependence, namely tolerance. The amount smoked is a major predic-
tor of the ability to quit as heavier smokers find it harder to quit. More compre-
hensive unidimensional measures of nicotine dependence are based on psychiatric 
diagnostic criteria for substance use disorders, such as DSM-V. The Fagerström Test 
for Cigarette Dependence (FTCD), also known as the Fagerström test for Nicotine 
Dependence is a six-item brief assessment in wide-spread clinical use. Rose et al.7 
summarized seven studies conducted 1999-2007 that used one of these measures and 
reported a range of heritabilities from 0.40 to 0.75. In recent molecular genetic stud-
ies, the largest studies used CPD,11 FTND,25 and both FTND and one item on time 
to the first cigarette.26 One of two major loci that stand out for CPD is the nicotinic 
receptor gene complex on chromosome 15, especially the functional variant D398N 
in CHRNA5. This variant accounts for about 1% of variance in CPD and 4%–5% of 
the variance in cotinine levels, cotinine being a biomarker of nicotine intake. The 
other major locus is found in the region of CYP2A6 on chromosome 19, which is 
of importance in nicotine metabolism as most nicotine is metabolized to cotinine by 
this enzyme. Overall measured genetic variants account for 8% of the variance in 
amount smoked.11 Animal and imaging studies have confirmed the importance of 
D398N for nicotine dependence, while it is also used as a genetic instrumental vari-
able in Mendelian randomization studies. Multiple other loci have been identified in 
these GWAs studies and together form the basis for constructing genetic risk scores. 
These aforementioned study designs and approaches are not within the scope of the 
present review, but without the prior twin studies, there would have been less interest 
in understanding the genetic architecture of nicotine dependence.

The speed at which nicotine is metabolized, mostly by activity of the CYP2A6 
gene, is associated with smoking behavior. It has been observed that slower me-
tabolizers smoke less and are able to quit smoking more readily. An index of me-
tabolizing speed is the ratio of 3´hydroxycotinine to cotinine in plasma or urine27 
and is known as the nicotine metabolite ratio (NMR). In an observational study of 
Finnish twins who were current smokers, the heritability estimate of NMR was 
81% (95% CI 70%–88%).28 This is congruent with a smaller experimental twin 
study, which estimated the heritability of NMR to be 67%.27 Known CYP2A6 al-
leles accounted for a small fraction of that heritability.27 To identify more loci as-
sociated with NMR, GWAS have been conducted. These show that multiple single 
variants are associated with NMR, with nearly all in and around the CYP2A6 gene. 
A handful of genetic variants account for up to 40% of the variance in NMR, thus 
opening the possibility of assessing the speed of nicotine metabolism and of medi-
cations metabolized by CYP2A6 using genetic risk scores.29 It should be noted that 
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most persons of European descent are fast metabolizers, while in other Ancestry 
groups there is a greater prevalence of slow metabolizers or they have a different 
genetic architecture of CYP2A6.30 Thus, one can expect the heritability of nicotine 
metabolism speed to also vary by genetic ancestry in addition to varying environ-
mental conditions.

Understanding where and when twin studies have been conducted is important 
when interpreting results from twin studies of smoking and tobacco use. Heritability 
estimates reflect the relative impact of genetic and environmental (i.e., all nonge-
netic effects). These environmental effects may act at many levels, from personal 
exposures and experiences to broad society-wide influences. Studies comparing re-
sults from different countries are particularly useful for understanding the influence 
of broad social effects. While most early twin studies of smoking were based on 
populations of European origin, there is much more diversity at present, with studies 
reported, for example from Sri Lanka,31 and from Japan already in 1987.32 There are 
multiple studies from China, the most recent being on the Chinese National Twin 
Registry,33 which report a high heritability in male twins. A low estimate (28%) of 
heritability among adolescent Chinese has been reported.34

There are also temporal changes in the prevalence of smoking, and we do not un-
derstand fully all the reasons for such changes. While the gene pool does not change 
over a few decades, the way genes act may change as environmental influences 
change. Twin studies have examined changes in heritability at different time points 
within the same population.35 In the Dutch population, there was no change in the 
heritability of smoking based on two surveys 10 years apart,36 while in a Spanish 
study, year of birth influenced heritability among women but not men. The authors 
attributed this to a changing, more permissive environment, especially for women.37 
Thus, estimates of the relative role of genetic factors derived from twin studies need 
to be interpreted with respect to where and when studies have been conducted. In 
addition, the landscape of nicotine use is changing as smoking becomes less com-
mon, but other options for consuming nicotine such as e-cigarettes and smokeless 
tobacco appear to be on the rise. Future genetically informed studies will need to 
incorporate multiple smoking and nicotine-related behaviors. There is also a need 
to distinguish between effects due to nicotine and its use, and the effects due to the 
mode of administration of nicotine.

An example of a less studied smoking-related trait is exposure to SHS which has 
negative consequences for health. SHS also plays an important role in the likelihood 
to start smoking. SHS exposure may be work-place related but occurs most often at 
home. Exposure to SHS by one’s spouse’s smoking is the most studied. A Hungar-
ian–American twin study reports evidence for substantial heritable effects on sensi-
tivity to SHS (50%, 95% CI 19%–72%) and smoking-exposure-related opinions.38 
Peer influences are another kind of social-environmental influence, known to be of 
major importance in smoking initiation. As with spousal influences, the similarity of 
peers for smoking behavior can reflect direct peer influences (one’s experiments with 
smoking among peers, some of whom already smoke) or can be due to homophily, 
that is, selection into groups with similar characteristics that increase the chance of 
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smoking initiation and progression to become a smoker. Analysis of data from the 
National Merit Twin Study suggested that homophily is a major explanation for peer 
similarity.39

22.5 Beyond twins
Traditional twin studies do not permit untangling several sources of variation such 
as effects specific to twins, assortative mating, and intergenerational transmission 
of social/cultural influences. However, expansion of the twin design to include 
information on relatives and spouses of twins permits testing more sophisticated 
models and estimation of additional sources of variation. In two very large samples 
from Virginia and Australia, with a total of 50,318 twins, spouses, parents, siblings, 
and children (55% women), assortative mating for smoking initiation was substantial 
and accounted for 10% of the variance.40 When assortative mating was accounted 
for in the family analyses by Maes et al.,40 additive genetic effects explained 53% 
(men) to 55% (women) of the variation in liability to smoking initiation, with 
smaller proportions of variance attributable to the effects of shared environment 
(18 in men and 11% in women) and unique environment (15% in both men and 
women). Cultural transmission, i.e. non-genetic influences from parents to children 
accounted for only 6% and 4%, respectively. A twin-specific variance component that 
represents the excess similarity of twins versus non-twin siblings was also estimated 
(9% and 15%). This may be attributed, in part, to the absence of age differences in 
twin siblings seen in ordinary sibling pairs,41 but also the interactions of twins during 
adolescence that may be closer than for ordinary siblings.42 One might speculate that 
this is the result of both twins experimenting with smoking when they are close to 
each other, but not if they have their own friends and peers. Further evidence for the 
role of shared environment comes from a Dutch Children of Twins study of smoking 
initiation and amount smoked.43 Regression models of smoking initiation analyzing 
intergenerational data compared offspring of parents who were MZ or DZ twins and 
their uncles and aunts by the smoking status of the parental generation. The analysis 
also used polygenic risk score (PRS) analyses among those exposed and not exposed 
to smoking in childhood. The association of PRS with heavier smoking was found 
in the exposed group.

Epigenetics is one mechanisms by which both genetic variation and environ-
mental factors affect health at the level of the cell, organ and whole organism. Epi-
genetic processes affect gene expression and are intimately involved in cell differ-
entiation and maintenance of cell lines. Studies of one epigenetic process, namely 
DNA methylation, have provided insights into the action of environmental effects, 
such as smoking. It has been shown to have a major impact on methylation. Among 
studies of unrelated persons, the association of smoking with methylation may be 
confounded by various genetic and environmental sources of inter-individual dif-
ferences in methylation. Indeed, twin studies reveal that the degree of methylation 
is, partly, heritable44,45 and thus methylation profiles reflect both environmental and 
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genetic influences Twin studies have helped to establish a causal path from smoking 
to methylation, but not the reverse.46 Despite the role of genetic variation in methyla-
tion, smoking status can be determined reliably using methylation data47–49 because 
smoking has such a large impact of methylation As an example of another mecha-
nism of action, twin pairs discordant for smoking have helped establish that smoking 
causally influences gene expression.50

22.6 Causes and consequences of tobacco use
In contrast to using the similarity of MZ and DZ twins to understand the genetic 
basis and architecture of smoking behavior, studies of twin pairs where one twin 
smokes and the other does not, have been a prototypical application of the cotwin 
control design. Due to ethical concerns and the widespread effects of smoking 
on the body, effects of smoking and nicotine in humans cannot be studied by 
interventions and clinical trials. Hence, scientists have sought to strengthen 
inference from observational data by using various quasi-experimental designs. 
By comparing family members who differ in their smoking behavior, some degree 
of control over familial and genetic effects can be gained. MZ pairs discordant 
for smoking are close to an ideal study design for providing evidence of the lack 
of genetic confounding between the association of smoking and later disease. By 
following up on twin pairs discordant for smoking for health outcomes of interest, 
additional evidence has been gleaned for the causal effects of smoking on the 
development of many somatic diseases. The evidence is further strengthened 
when smoking discordance, hence exposure, has been assessed well-before the 
onset of disease. A recent example is the sixfold incidence of lung cancer in 
the smoking twin compared to the nonsmoking cotwin in the large Nordic Twin 
Study of Cancer.51 Smoking status was established at baseline among twins free 
of cancer and they were followed-up for several decades for cancer. A similar 
finding for smoking and snus use was seen with respect to type 2 diabetes mellitus 
from Sweden.52 The causal nature of this association is further confirmed by an 
experimental demonstration of a habenula-pancreas axis linking the addictive and 
diabetes-promoting sides of nicotine.53

The role of smoking as a cause of mental disorders has been much more con-
troversial, with some considering smoking to be secondary to the mental condi-
tion. The relationship of smoking to mental health is difficult to study as mental 
health develops in childhood and adolescence, and many mental disorders mani-
fest early. Thus, it is plausible that smoking could be a consequence of poorer 
mental health. Alternatively, smoking can predispose to poor mental health. A 
further explanation is that common sets of environmental exposures or predispos-
ing genes t affect both smoking and mental disorders. For any single disorder, all 
three explanations may apply. Twin studies have convincingly demonstrated the 
role of smoking in the development of schizophrenia54 and the risk of suicides 
suicide.55
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22.7 Conclusion
In future studies on smoking, its causes and consequences, I see that twin studies 
will continue to be of importance. In contrast to family studies, twin studies control 
for age differences, that can reduce the similarity of sib-pairs, and they provide good 
estimates of the relative contribution of genes and shared environment. Twin studies 
of smoking remind us that smoking is a quintessential example that illustrates how 
factors traditionally considered to be environmental exposures may reflect genetic 
sources of variation. In epidemiological studies even today, smoking is often 
considered to be a purely environmental exposure. Yet smoking behavior and the 
biological response to the multiple chemicals in tobacco are partially affected by our 
genes. Thus, epidemiological studies should take this into account in the set-up of 
study designs and interpretation of results.

While molecular genetic studies provide insights into the biological basis of 
smoking behavior and consequences of smoking, they require very large sample 
sizes to provide reasonably precise estimates of genetic contributions. Smaller twin 
studies can invest in more detailed (and hence more expensive) behavioral, physi-
ological, or biochemical assessments to provide quantitative genetic estimates of 
reasonable accuracy. The results from the twin studies can then guide the design and 
focus of molecular genetic studies. Integrating molecular genetic approaches and 
knowledge of genetic variation, molecular biological characterization of functions 
(such as various omics) with innovative twin and twin-family designs should yield 
new findings that enhance our ability to understand the biology underlying nicotine 
dependence. Ultimately we seek insights into treatment modalities. Listening to and 
systematically studying life histories of smoking-dependent twins may be a tool for 
generating hypotheses on key social and psychological characteristics on the evolu-
tion of the relationship of smoking with the smoker. Finally, twin studies raise aware-
ness of individual differences in the susceptibility to initiate and quit smoking, so that 
preventive actions can be made more effective. Treatment should be tailored to the 
needs of the patient who desperately wants to quit smoking but finds it very difficult.
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23.1 Introduction
Human anthropometric has attracted a long time of interest going back to the time 
beyond modern scientific research. Already in the Hippocratic texts, overweight was 
mentioned as a risk factor of health,1 and human height has routinely been measured 
in the conscription already in the 18th century since short stature was already at that 
time understood as a marker of inadequate nutrition which may have led to physical 
problems of the conscript.2 Nowadays, the systematic measures of height, weight and 
in many countries also other anthropometric indicators, such as head circumference, 
are an important part of the health check-up of children since faltering in growth can 
reveal diseases, inadequate nutrition, or problems in the rearing environment of the 
child not possible to identify with other methods.3 Also the globally increasing level 
of obesity during the last decades4 and at the same time the persistent problem of 
malnutrition in many low and middle-income countries5 have emphasized the need 
to understand the genetic and environmental factors affecting individual differences 
in body size and morphology.

Height and body mass index (BMI, kg/m2), which is still the most widely used 
measure of obesity, have been the most intensively studied traits in human genetics 
including genetic twin and family studies. The roots of genetic family studies of 
height go back to the late 19th century when Galton found that the height of offspring 
can reliable be predicted from the parental height.6 Pearson and Lee continued the 
research on the family resemblance of height in their paper published in 1903 where 
they presented the correlations of height between relatives in a large sample of Brit-
ish families. They correctly interpreted that the familial height correlations reflected 
the influence of genetic factors on height.7 The insight of their research was shown 
by the fact that the heritability of height was later calculated based on the correla-
tions they reported.8 However, the real breakthrough in the analyses of the genetics 
of height and quantitative genetics, in general, happened in 1918 when Fisher pub-
lished his seminal paper on the heritability of height, which first time presented the 
expected genetic correlations between different types of relatives thus creating the 
scientific foundation for quantitative genetics.9
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The genetic family studies on BMI also have a long history of nearly 100 years. The 
first study reporting that overweight is clustered in families was published in 1923.10 
The authors correctly interpreted that this clustering indicates the role of genetic fac-
tors behind individual differences in BMI. The first twin study on any obesity indicator, 
skinfold thickness, was published in 1975,11 and a few years later the first twin study on 
BMI was published.12 After these seminal studies, the research progressed rapidly, and 
a meta-analysis published in 2012 already identified 27 heritability estimates based on 
family and 88 heritability estimates based on twin studies.13

Anthropometrical studies have thus been very important in the history of quanti-
tative genetics and generally in public health. However, in spite of this long history, 
they still have important scientific and public health value. Obesity is one of the most 
important modifiable risk factors of many chronic diseases whereas height can be 
used at the population level as an indicator of inadequate childhood nutrition. Fur-
ther, more detailed anthropometric measures can allow more detailed estimation of 
health risks.14 Thus, it is not surprising that after more than 100 years of history, in-
tensive research is continuing on different anthropometric indicators, and twin stud-
ies have solidly shown their continued value in this field.

This chapter will first present the estimates of how genetic and environmental 
factors contribute to individual differences in different anthropometric indicators. 
Then, the role of genetic and environmental factors on human development will be 
discussed. Finally, the chapter will deal with the issue how genes and environment do 
interplay when explaining the variation in anthropometric measures. The main em-
phasis is on twin studies, but these results will be positioned in the wider context of 
the rapidly developing area of molecular genetics. The main focus will be in simple 
anthropometric traits, especially height and BMI. This is partly because most of the 
previous studies have focused on height and BMI but also because these traits still 
have the highest value in public health since reliable information on them is widely 
available. However, also other traits typically measured in health check-ups and thus 
having importance in public health will be covered.

23.2 Genetic and environmental variation in 
anthropometric measures
In this section, the role of genetic and environmental factors on individual differences 
in various anthropometric traits will be discussed. Heritability estimates indicate how 
much genes explain on individual differences. For example, high heritability of height 
tells that in a certain cohort most of the differences between individuals are because 
of genetic differences. However, it does not indicate that the change of environmental 
factors could not have an effect on height. For example, the mean height of the 
global population has dramatically increased over the 20th century because of the 
change of environment.15 This is not in contrast to the high heritability because the 
environmental change has happened at the level of population and so has not affected 
heritability if studying only one birth cohort or if adjusting the results for birth year.
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23.3 Birth outcomes
Even when twins generally well represent the general population, birth-related 
outcomes are exceptions. Twin pregnancies are characterized by earlier gestational 
age, lower birth weight, and rapid catch-up growth, especially during the first year 
of life, when compared to singleton pregnancies.16 Especially within monochorionic 
twins, who are always monozygotic (MZ), the vascularization of placenta can lead 
large discordance in birth size. This can inflate the estimates of shared environmental 
factors in birth-related outcomes because there is additional variation affecting MZ 
twins not taken into account in twin modeling.17 Thus, the results on the role of 
genetic and environmental factors on birth-related outcomes need to be interpreted 
with caution.

The problem of the special features of twin pregnancies can be managed by 
using different designs to estimate the effects of genetic and environmental fac-
tors, each making different theoretical assumptions, and thus getting more reliable 
estimates. A Dutch study found that around equal shares of the variation of birth-
weight and length were caused by genetic factors, shared environmental factors, 
and unique environmental factors.18 This study showed very similar results by us-
ing two different methods—parent-offspring trios of singletons and comparisons of 
MZ and dizygotic (DZ) twins. Both of these methods have possible sources of bias, 
but the uniform results give more evidence that both genetic and environmental 
factors are important for individual differences in birth size. Somewhat contrasting 
results on the role of the common environment were found in a Swedish study us-
ing information on maternal weight gain of MZ sisters, which did not find evidence 
on the role of shared environmental factors.19 However, maternal weight gain only 
partly reflects the size of fetus. Further, the study was small and thus may not have 
enough statistical power to distinguish shared environmental variation from genetic 
variation.

Previous studies have thus given evidence that both genetic and environmental 
factors affect the birth size. The role of genetic factors can be because of genes af-
fecting fetal growth directly but also indirectly through maternal genotype affecting 
the intrauterine environment. Environmental factors affecting fetal growth and birth 
size include maternal nutrition and smoking.20 Also maternal socioeconomic posi-
tion is known to affect birth size, probably indicating differences in behavioral fac-
tors between social classes. A factor having a large effect on birth size is gestational 
age. In the twin modeling, the effect of gestational age is modeled as a part of shared 
environment, and thus if the results are not correctly adjusted for gestational age, the 
role of shared environment in probably overestimated.

There is some evidence that the role of genetic and environmental factors on 
birth outcomes has changed over time. A large international twin study found that 
shared environmental factors explained a larger share of the variation of birth weight, 
length, and ponderal index (kg/m3) than genetic factors.21 Adjusting the results for 
gestational age explained a part of shared environmental variation, but it still re-
mained substantial. However, there was more shared environmental variation in the 
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later cohorts born in 1990–1999 as compared to earlier cohorts born in 1970–1989, 
which led also to larger trait variation of these three outcomes. It is possible that 
this reflects the improved neonatal care in the later birth cohorts, which have led to 
the better survival of low birth weight newborns. The study also found that in East 
Asia there was less shared environmental variation in birth weight, length, and pon-
deral index than in Europe or in North America and Australia. This may suggest that 
Western social context can reinforce differences between families in the family level 
environmental factors affecting birth size.

23.4 Height
Height is one of the most highly heritable quantitative traits in humans. Height has also 
several properties making it an ideal trait in human genetic studies. It is approximately 
normally distributed, does not change in adult age excluding slight body shrinking 
in old age, and also the variation of height is largely similar in different populations 
in spite of differences in mean height.22 Because of these advantages, height has 
been used in many genetic studies when new methods in human genetics have been 
developed. In a study using the whole genome, the genetic polymorphisms explained 
nearly the same proportion of height variation as found in twin studies.23 This well 
shows that the theoretical assumptions of quantitative genetic studies proposed by 
Fisher already 100 years ago are valid.9

In spite of the high heritability of height, environmental factors have an effect 
on the differences in height. The influence of environmental factors on growth and 
height is well seen in the shorter stature of North Korean children as compared to 
their South Korean peers, which was more than 10 cm in mid-childhood, in spite of 
their common ethnic background.24 Systematic socioeconomic height differences 
have also been found, which indicates that poor living conditions can affect growth 
in childhood and lead to shorter adult stature.25 In twin studies, adult height shows a 
small but systematic shared environmental component: in most studies, shared envi-
ronmental variation has been around 10% of the total variation, but in some cohorts 
it has been nearly 20%.26,27 This systematic effect of shared environmental factors 
on the variation of height demonstrates that also the family environment has an effect 
on height. It is known that nutrition, especially protein intake during the period of 
fast growth in the first two years of life, has strong effect on growth, which can affect 
also adult stature.28 However, also childhood diseases can affect growth, and in many 
populations they are interviewed with nutrition.29

The role of genetic and environmental factors on height can, however, change 
over the growth period. Fig. 23.1 presents the proportions of additive genetic, shared 
environmental, and unique environmental variances of height from infancy to adult-
hood based on a large international pooled twin study.30,31 The role of shared envi-
ronmental factors was substantial from 1 to 9 years of age when it explained from 
20% to 40% of the height variation. However, after 9 years of age, the effect of 
shared environmental factors decreased, and at most of age groups until adulthood 
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explained from 10% to 20% of the height variation. Since the variation explained by 
unique environmental factors did not change, the differences in the effects of shared 
environmental factors over ages were mirrored in the heritability estimates, which 
were systematically lower in early and mid-childhood than at later ages. The propor-
tions of genetic and  environmental variations followed the same patterns in males 
and females.

The changing effect of shared environmental variation in height over childhood 
can well indicate the changing role of family environment in nutrition. After mid-
childhood, the living conditions of children may become more equal when the nutri-
tion of the child is not anymore totally depending on the family. Also, the effect of 
childhood diseases on growth can diminish at later ages thus decreasing environ-
mental variation. The decrease of shared environmental variation can be linked with 
catch-up growth when the growth velocity will increase in children whose growth 
has previously been delayed thus compensating some of the height difference. How-
ever, more studies are needed to better understand this decreasing role of shared 
environment on growth, preferably also having information on nutrition intake and 
other factors affecting growth.

FIG. 23.1 The proportions of height variation explained by genetic, shared environmental, 
and unique environmental factors from infancy to adulthood.
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23.5 Body mass index
BMI is the anthropometric trait that probably received the most scientific interest in 
the recent decades, and human genetics is not an exception. The large interest in BMI 
is because obesity has become one of the most important modifiable risk factors of 
health and disability during the last decades.32 Even as a simple indicator, BMI well 
indicates obesity at the populations level and is still the most widely used indicator 
of obesity in human genetics and public health.

Obesity is fundamentally caused by a long-term imbalance between eating (energy 
intake) and physical exercise (energy output). In the light of this principle, it may be 
surprising that previous twin studies on adult BMI have shown high heritability being 
at the level of 80% of the total BMI variation. In contrast to height, there is no evidence 
of the effect of shared environmental factors on BMI variation in adulthood.13 When 
the genetics of BMI has been analyzed more detailed, it has been found that genes 
affect BMI largely through behavior. The genetic polymorphisms affecting BMI have 
been found to be expressed especially in the brain tissue, and twin studies have shown 
that genetic factors affect eating behavior, which can importantly contribute to the 
genetic variation of BMI.33 Thus, the genetics of obesity interestingly shows how diffi-
cult it is to make distinction between genes and environment. When regarding obesity, 
eating behavior can be regarded as a part of environment. However, it is affected by 
genetic factors, and genes affect BMI largely through eating behavior.

The roles of genetic and environmental factors are, however, not constant but can 
change over the human life course. Fig. 23.2 presents the effects of genetic factors, 
shared environment, and unique environment on BMI variation from infancy to old 
age based on a large international twin study.34,35 At 1–2 years of age, the heritability 
of BMI was over 60%, but it decreased to 50% at 4 years of age. This was because 
the variation of shared environment increased. However, after that age the heritability 
estimates increased again and were around 80% during adolescence and early adult-
hood. The increase in the heritability was because the effect of shared environmental 
factors decreased during late childhood and virtually disappeared in adolescence. 
The heritability estimates started to decline again during adulthood and in old age 
were around 50%, that is, at the level of heritability in infancy. However, in contrast 
to childhood, the decline of heritability during adulthood was because the increasing 
effect of unique environmental factors. Thus, the role of environment behind BMI 
variation is very different in childhood and adulthood. No differences in the propor-
tions of genetic and environmental variance components were found between males 
and females.

The pattern of different influences of genetic and environmental factors on BMI 
from infancy to old age can indicate the changing dynamics of environment behind 
BMI variation over the human life course. In infancy, the baby can quite indepen-
dently regulate eating since the caregiver mainly react to the crying and usually does 
not try to control eating. Thus, the genetic preferences affecting, for example, appe-
tite can affect BMI. The situation changes in early childhood when parents have more 
control to the eating of their offspring. However, their control will gradually decrease 
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in mid-childhood and largely disappear in adolescence when children get more inde-
pendence. At that time, their own genetic preferences affecting eating styles and food 
preferences become more important seen as the increasing genetic variation of BMI. 
During adulthood, environmental influences start to increase again but, in contrast to 
childhood, these factors are not shared by cotwins. These environmental factors can 
be, for example, related to a spouse or a living environment affecting eating styles or 
the type of food available.

23.6 Other anthropometric measures
Even when height and BMI have received the most of scientific attention in twin 
studies on anthropometrics, there are also some information available on other 
anthropometric traits as well. Next, twin studies on the indicators having most value 
in public health will be discussed.

Head circumference is routinely measured in many countries in children health 
check-ups. Measuring head circumference is especially important in infancy since 

FIG. 23.2 The proportions of BMI variation explained by genetic, shared environmental, and 
unique environmental factors from infancy to old age.
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abnormal development can reveal various neurological disorders. However, even the 
normal variation of head circumference is found to be associated with neurological 
development and thus offers information on risk factors of cognitive development.36 
A Japanese twin study found that both genetic and environmental factors affected the 
variation of head circumference during the first year of life, but the effect of a shared 
environment largely diminished after 7 months of age.37 Similar results were found 
in a pooled study of Dutch and Australian twins, which found a shared environmental 
effect before four months of age but not anymore at later ages in childhood or in adult-
hood.38 Somewhat different results on the role of shared environmental factors were 
found in a US twin study, which found that shared environmental factors affected head 
circumference and several other measures of head at 11 and 17 years of age.39

Chest circumference is a more rarely used indicator in regular health check-ups 
than head circumference. However, there is evidence that it is a good measure of nu-
tritional status of newborn and may thus be an especially useful measure in develop-
ing countries.40 A Japanese twin study found that shared environmental factors had 
a substantial effect on chest circumference until five months of age, but this effect 
started to decrease after that age and disappeared until 13 months of age.41 Interest-
ingly, a substantial part of shared environmental variation was common with birth 
weight; genetic factors also shared some variation with birth weight, but the effect 
was much smaller. This supports the hypothesis that chest circumference could be a 
surrogate measure for birth weight if, for example, a scale is not available or other-
wise measuring birth weight is not feasible. However, chest circumference can also 
have additional value to birth weight as an indicator of fetal nutrition.

So far this chapter has focused only on single anthropometric measures. How-
ever, combining different measures can give more detailed information on body 
morphology. Somatotype is a method classifying body morphology into three com-
ponents: endomorphy (relative fatness), mesomorphy (relative musculoskeletal de-
velopment), and ectomorphy (relative linearity) based on detailed anthropometric 
measures.42 Sometotype has been used especially in studies of elite athletes, but 
it has also value when studying the general population, especially because it is as-
sociated with physical fitness. Heritability estimates for somatotype are available in 
Belgian twin studies from mid-childhood to adulthood.43,44 In a Portuguese study of 
children and adolescents, higher heritability estimates were found and genetic factors 
explained from 80% to 93% of variation of somatotype components.45 This study did 
not find evidence on the role of shared environmental factors. Together, these studies 
showed that genetic factors are important for individual differences in somatotype. 
However, more studies are needed to confirm the role of shared environment behind 
the  individual differences in somatotype traits.

23.7 Genetics of growth and development
As shown above, the relative effects of genetic and environmental factors on height 
and BMI change over aging. However, since the data were cross-sectional, these 
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studies cannot tell anything about the role of genetic and environmental factors 
behind human growth and development. This type of analysis needs longitudinal 
measures on the same children, preferably repeatedly during a long period of time. 
Next, the results on longitudinal twin studies on height and BMI will be discussed.

23.8 Growth in height
The characteristic pattern of human growth with the periods of rapid growth in 
infancy and during puberty and the period of slow growth in childhood has received 
a long-time research interest. The growth chart showing the normal growth pattern 
and allowing to identify abnormal growth is an important tool when following the 
physical development of the child. However, also growth within normal variation is 
found to be associated with health risks. Especially, catch-up growth has been found 
to be associated with health risks such as higher risk of cardiovascular diseases.46 
This probably indicates the fact that those children have higher environmental stress 
at earlier ages slowing growth and later compensated with catch-up growth affecting 
also further health.

Human growth is strictly genetically regulated even when living conditions, es-
pecially the lack of protein, can affect it. Twin studies allow to estimate genetic and 
environmental correlations between height at different ages. A Swedish twin study 
has a full series of longitudinal measures from 1 to 18 years of age in boys and thus 
allows studying this in detail.47 This study showed that the genetic correlation was 
already as high as 0.73 between height at 2 and 18 years of age. This shows that 
largely the same set of genes affects human height during the whole growth period. 
However, also new genetic factors started to affect height at each age. Genetic factors 
explained nearly all of the correlations of height between different ages.

Puberty creates a special phase of growth, which has attracted a lot of scientific 
interest. Previous twin studies have shown that genetic factors have an important ef-
fect on the timing of puberty. A Swedish twin study showed that in boys more than 
90% of the variation of the timing of pubertal growth spurt was explained by genetic 
differences.48 A Finnish twin study showed that 30% of the genetic factors in girls 
and 50% in boys affecting the timing of the pubertal growth spurt affect also the tim-
ing of the development of secondary sexual characteristics largely used as a marker 
of puberty.49 Thus, understanding the genetics of pubertal growth can also help to 
understand the genetics of sexual maturation, which is an important part of health 
check-ups in adolescence.

23.9 Development of body mass index
Such as height, also BMI shows a strong continuity from childhood to adulthood. 
Understanding the background of this tracking has important public health 
implications since overweight children have a high risk to become obese adults. 
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When studying the development of BMI, it is important to make distinction between 
childhood and adulthood. During childhood, body morphology and the proportions 
of different tissues change. This is especially notable during puberty when the 
proportion of muscle mass increases in boys and fat mass in girls.42 Partly different 
sets of genes regulate the development of different tissues.50 In adulthood, the 
change in BMI, which mainly means regular increase of weight, is because of the 
accumulation of fat mass. Thus, the genetics of change of BMI is a much simpler 
phenomena in adulthood than during the growth period of childhood.

Twin studies on the genetics of BMI development over childhood show that 
genetic factors are behind of the continuity. In a Swedish twin study having a full 
series of measurements from infancy to early adulthood, a genetic correlation 
with adult BMI was found already for BMI before 4 years of age. However, the 
genetic correlations increased after five years of age being 0.61 at 5 years of age 
and increasing after that. This suggests that after 4 years of age, a new genetic 
component starts to affect BMI.51 This is also supported by molecular genetic 
studies showing that the effects of obesity candidate genes on BMI increase after 
early childhood.33 As mentioned earlier, during this age period also the role of 
shared environment on BMI starts to decline and genetic variation to increase. 
Since many genetic variants associated with obesity are likely to be related to eat-
ing behavior, it is very possible that this new set of genes affecting BMI is related 
to eating and other behavioral factors. Eating preferences affecting adult BMI 
may thus be present already in mid-childhood, and this long-lasting continuity is 
underlined by genetic factors. However, more studies having longitudinal mea-
sures of eating styles and preferences in genetically informative data are needed 
to confirm this hypothesis.

Genetic factors have also effect on weight gain in adulthood. From low to moder-
ate heritability estimates have been found in longitudinal twin studies from USA and 
Finland. Interestingly, the genetic correlation between weight gain and baseline BMI 
is modest or not existing at all.52 This suggests that there is a specific set of genes 
affecting fat accumulation over adulthood, which is partly independent on genes 
 affecting body size in early adulthood.

23.10 Gene–environment interactions
So far in this chapter, the effects of genes and environment have been treated 
separately. However, genes and environment can modify each other’s effects, which 
is called as gene–environment interaction. This means that same genes can affect a 
trait differently in different environments or that a same environmental exposure has 
different effects depending on the genetic background of individual. In twin studies, 
the gene–environment interactions can be seen as differences in genetic variances 
depending on environment.53 However, this needs a considerable statistical power, 
and thus the results based on small data sets should be treated with caution because 
they can easily lead to false positive results. Next, twin studies concerning height 
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and BMI will be discussed. Because strong statistical power is needed, all results are 
based on the large international database used also in Figs. 23.1 and 23.2.

23.11 Height
The idea that environmental factors can affect the heritability estimates of height 
is deeply involved in the idea how genes and environment affect growth and adult 
stature. According to a common hypothesis, humans have genetically determined 
maximum height, but inadequate nutrition and other environmental stress can affect 
growth leading to shorter adult stature. However, it is noteworthy that even when 
the mean height has increased globally during the 20th century, a similar increase 
has not been seen in the variation of height.22 If the increase in mean stature would 
be caused by the fact that a larger proportion of population would reach the genetic 
maximum, it should lead to a systematic decrease in the variation of height since 
differences in environmental factors do not anymore affect differences in height 
between individuals. Next, we will see how large-scale twin studies can contribute 
to this issue.

When secular trends in the genetic and environmental influences on adult height 
over birth cohorts from the late 19th to the late 20th century were studied, no sys-
tematic differences in the genetic and environmental variation of height were found 
even when the mean stature expectedly increased.31 Another design to analyze the 
effect of environment was used in a study on the heritability of height from infancy to 
adulthood according to parental education.54 Also in this study, only weak evidence 
on the differences in the genetic and environmental variations of height between the 
categories of parental education was found even when the children of better-educated 
parents were taller than their peers whose parents had poorer education.

These previous twin studies thus challenge the long-lasting hypothesis that the 
heritability of height is lower in the presence of environmental stress slowing growth. 
It is noteworthy that in the late 19th and early 20th century, the standard of living was 
very low compared to the modern standards of high-income societies. Also, the mean 
height was dramatically lower compared to the recent birth cohorts also suggesting 
that environmental stress affecting growth has decreased. Thus, it is interesting that 
the heritability of height is largely constant in these very different environments.

23.12 Body mass index
The presence of gene–environment interactions in obesity has already been recognized 
for decades. A classic example of the interplay between genes and environment is the 
Pima Indians of Arizona. At the beginning of the 20th century, obesity and metabolic 
diseases were virtually unknown within the tribe, but the large changes in their living 
environment after the Second World War destroyed their traditional way of life 
leading to the westernized diet and lifestyle in general. Currently, the rate of obesity 
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and associated metabolic diseases within the tribe is the highest among the US 
ethnic groups.55 This shows that the Pima Indians have high genetic susceptibility to 
develop obesity and related metabolic diseases, but this affects only in the presence 
of westernized lifestyle.

The mean BMI and the proportion of obesity have dramatically increased global-
ly during the last few decades. This global change to a more obesogenic environment 
offers an interesting opportunity to study how the environmental change modifies 
the genetic and environmental variations of BMI. A study having measures of adult 
BMI from the 1940s to the 2010s found that at the same time when the mean BMI 
increased, also the genetic and environmental variances of BMI increased.35 The 
similar differences were found between three cultural-geographic regions having dif-
ferent levels of mean BMI. The genetic and environmental variances were highest 
in North America and Australia representing a high level of obesogenic environ-
ment followed by Europe and being lowest in East Asia representing moderate and 
low levels of obesogenic environment, respectively. Similarly, when the genetic and 
environmental variances from infancy to adulthood were analyzed according to the 
parental education, the offspring of highly educated parents had lower BMI and less 
genetic and environmental variation than those whose parents had low education.56

Thus, twin studies using different measures of obesogenic environment— 
measurement year, cultural-geographic region, and parental education—have pro-
duced very similar results. In a more obesogenic environment, both genetic and envi-
ronmental variances of BMI are higher than in a less obesogenic environment. This 
gives interesting information on the dynamics behind the obesity epidemic. A change 
in the environment seems to affect BMI largely through genetic factors. So those 
who have genetic susceptibility to get weight are especially vulnerable for the effects 
of obesogenic environment. Thus, they would also benefit most on the society level 
interventions to decrease obesity.

23.13 Conclusions
In this chapter, the results of previous twin studies on different anthropometric 
indicators were discussed. The overwhelming majority of previous studies have 
treated two indicators—height and BMI. They are both widely used indicators also in 
human genetics and public health in general. There are also other indicators widely 
used in public health, but which have received considerable less attention in twin 
studies. Thus, they would offer interesting new topics for further research.

Previous studies have shown interesting similarities but also differences in the 
genetic architecture of anthropometric indicators. Environmental factors shared by 
cotwins seem to have an effect on the individual differences in anthropometric traits 
only in childhood. The exception is height where this effect is still seen in adulthood. 
This is understandable since the effect of environmental factors affecting growth can 
have an effect on adult stature. This supports the hypothesis that at the population 
level adult height can be used as an indicator of childhood living conditions. On the 
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other hand, for BMI the role of shared environment is strongest in early childhood 
but it diminishes in mid-childhood and largely disappears during adolescence. This 
probably reflects the increasing independence of children from their parents leading 
to a higher influence of partly genetic preferences on eating behavior and through 
that to BMI.

On the other hand, the genetic and environmental variations of height and BMI 
react differently to environmental change. For height, the size of both genetic and 
environmental variations is largely independent on environment even when the mean 
height can differ. On the other hand, BMI shows both higher genetic and environ-
mental variation in an obesogenic environment increasing mean BMI. This suggests 
that environmental factors affect BMI through genetic factors probably indicating the 
role of behavior behind individual BMI differences.

In conclusion, previous twin studies have shed new light to individual differences 
in body morphology. Genetic factors explain a major part of variation of anthropo-
metric traits. Environmental factors shared by cotwins have effect in early childhood, 
and in height this effect is seen still in adulthood. Changes in environment have an 
effect on the genetic and environmental variations of BMI whereas for height they 
have only little effect. This reflects that even when ostensibly similar traits, the back-
ground of BMI is very different than height since it is sensible to eating behavior.
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24.1 Introduction
In 2019, the top three global causes of death consisted of noncommunicable 
cardiovascular and lung diseases, with ischemic heart disease being the number 
one cause of death, followed by stroke and chronic obstructive pulmonary disease1. 
Furthermore, cardiovascular diseases and chronic lung diseases, which also include 
asthma, are among the leading causes of morbidity worldwide.1 Twin research 
provides important insights into the underlying causes of cardiorespiratory disease. 
Twin studies provide information on the degree of heritability for the various diseases 
and related traits, and may also add to our understanding of the interplay of genetic 
factors with various environmental risk factors (gene–environment interactions). 
A large body of twin studies on cardiorespiratory disease already exists. As it is 
impossible to review the full scope of the literature here, in part A of this chapter we 
provide examples of twin studies for a wide range of cardiovascular and respiratory 
diseases focusing on their results for the role of heritability and the interplay with the 
environment in cardiorespiratory disease. To fully understand disease development 
it is also important to understand related processes in a nonpatient population during 
everyday life. In part B of this chapter, an overview is provided of twin studies 
using ambulatory monitoring to determine the heritability of everyday variation in 
blood pressure and heart action. Ambulatory monitoring, however, is not the only 
way to capture disease processes. In the last few decades, imaging has undergone 
an extensive development and it now plays a crucial role in the detection and 
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characterization of most cardiorespiratory phenotypes. In part C of this chapter, we 
illustrate the opportunities which arise from combining twin research and imaging 
research.

24.2 Cardiorespiratory twin studies
Adam D Tarnoki, David L Tarnoki

24.2.1 Heritability of the most common cardiovascular diseases
24.2.1.1 Hypertension: blood pressure, blood pressure components, and 
vascular elasticity
Hypertension is a common complex polygenetic trait, traditionally considered to have 
a moderate genetic component that interacts with various environmental risk factors 
such as diet, physical activity, and alcohol consumption, which affects ≤1 billion 
adults globally.2 Unraveling the multifactorial basis of essential hypertension 
has been a central question of numerous twin studies, which have demonstrated 
moderate heritability of 30%–65%, with the remaining variance explained by unique 
environmental factors. A meta-analysis of 17 studies found that the mean heritability 
of systolic (SBP) and diastolic (DBP) blood pressure was 54% and 49%, respectively. 
The effect of common environmental factors was negligible.3 Gene-environment 
(GxE) interaction studies have found that several factors, such as education, eating 
habits, obesity, and the associated gut microbiota, may change the role of genetic 
factors.4

In the last decade, specific blood pressure components, such as the pulsatile com-
ponent of blood pressure, pulse pressure (PP), and central blood pressure, have also 
received attention as they have been shown to predict later cardiovascular events.5 
Twin studies confirmed a moderate heritability for these blood pressure components, 
with a higher inheritance for the central blood pressure variables than the peripheral 
blood pressure values.6

Arterial stiffness is a dynamic property defined by vascular function and vascular 
wall structure, which is also a good predictor for future cardiovascular events.5 Pulse 
wave velocity (PWV), characterizing vascular elasticity, and augmentation index 
(AIx), an indicator of wave reflection and peripheral vascular resistance have been 
also studied and a moderate genetic effect was observed for these traits.7–10

The genetic origin of the association of hypertension with BMI has also been the 
focus of a number of studies. These studies have shown that common genetic fac-
tors may for a large part explain the correlation of blood pressure components with 
BMI.11–14 Blood pressure components were moderately correlated with BMI, largely 
because of shared genetic factors. However, for the association of BMI with brachial 
SBP and DBP, aortic SBP, and mean arterial pressure, acquired, modifiable factors 
were also found to be important.11
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24.2.1.2 Carotid atherosclerosis
Carotid atherosclerosis, a risk factor of stroke, is one of the most commonly studied 
atherosclerotic phenotypes as the degree of carotid atherosclerosis can be easily 
obtained for the carotid artery using ultrasound. The timeline of atherosclerotic 
progression includes carotid stiffening, increased intima-media thickness (IMT), and 
plaque development.

Carotid IMT is a reliable marker of subclinical atherosclerosis. Twin studies at-
tributed a moderate role to genetic factors (25%–60%).15 The Healthy Twin Study 
provided evidence for segment-specific heritability of carotid IMT (48% for com-
mon, 38% for carotid bifurcation, and 45% for internal carotid artery (ICA), respec-
tively) and a shared genetic variation was reported for the three carotid segments.16

Plaque formation in the carotid artery has been associated with a number of 
cardiovascular (e.g., myocardial infarction), retinal, and cerebral ischemia (stroke) 
complications. Based on the findings of a twin study involving Italian, Hungarian 
and American twins, heritability was 78% for the presence of carotid plaque, 74% 
for plaque-type based on its echogenicity, 69% for plaque size, 74% for plaque sid-
edness, 74% for plaque numerosity, 68% and 66% for the presence of plaque in 
carotid bulbs and proximal internal carotid arteries. Unique environmental factors 
were responsible for the remaining variance (22%–34%).17 An Italian twin study re-
ported additive genetics to be responsible for the variance of carotid plaques in 52%, 
with unique factors explaining the remaining variance in the trait.18 Whole-genome 
association studies confirmed the role of 14 loci on chromosomes 14 loci with at 
least suggestive significance in the formation of carotid plaques.19 Numerous single 
nucleotide polymorphisms (SNPs) have been linked to the increased risk for the de-
velopment of subclinical or clinical carotid atherosclerosis, though only a minority 
of these genes seem to be potential future therapeutic targets.

Carotid flow velocities, determinate by ultrasound, showed a moderate and low 
(63% and 18%) heritability of the ICA peak systolic velocity and ICA/common 
carotid artery ratio. One of the few twin studies conducted for three traits showed 
little evidence for the role of genes as common (56%–63%) and individual environ-
mental factors (37%–44%) explained the vast majority of the variance.20 An Ital-
ian twin study showed carotid vascular wall elasticity to be moderately heritable 
(19%–46%).21 These findings support the value of the prevention of modifiable envi-
ronmental factors in case of altered carotid flow velocities.

24.2.1.3 Coronary atherosclerosis
The classic risk factors associated with coronary heart disease (CHD), which may 
lead to acute myocardial infarction, are well known. Genetic predisposition was 
shown to play a role in CHD in family studies, but limited information is available 
from twin studies. A Swedish large twin study involving 51065 same-sex twins 
showed that during the 40-year follow-up, the heritability of CHD decreased with 
increasing age, as well as with increasing levels of BMI, in both men and women. 
Thus, genetic factors may play a more prominent role for CHD development in the 
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absence of important environmental factors such as BMI.22 Another Swedish twin 
study reported that, in general, probandwise concordances and intraclass correlations 
for angina pectoris (AP) and CHD death were greater in monozygotic (MZ) than 
dizygotic (DZ) twins among both sexes, indicating moderate heritability estimates 
for AP in both sexes (39% for males and 43% for females). The correlation between 
AP and CHD was almost exclusively explained by the influence of familial factors 
in both sexes, pointing to both shared genetic as shared environmental pathways.23 
Coronary calcification has been found to be moderately heritable in twins (67%, 
95% CI: 37%–100%) when adjusted for age and sex, and overlapping genetic 
factors are largely responsible for the phenotypical resemblance of coronary and 
carotid or femoral atherosclerotic calcification.24 These findings are supported by 
several published case studies where both twin brothers suffered acute myocardial 
infarction. In those cases, both twins usually have similar comorbidities as well as 
a similar course of the acute coronary syndrome.25–26 This emphasizes the need for 
screening people with a higher risk of future myocardial infarction. GWAS studies of 
common SNPs already found some genomic regions explaining ~2.4% of coronary 
artery calcification's heritability.27

24.2.1.4 Aortic atherosclerosis and aneurysm
Calcified aortic plaque, assessed by computed tomography (CT), has shown a 
high heritability (61%), and the association between aortic wall calcification and 
increased arterial stiffness can be explained by a common genetic background.28 
Aortic atherosclerosis might lead to abdominal aortic aneurysm (AAA) formation, 
which is an abnormal dilation of the aorta and may progress to rupture and death. The 
Danish Twin Registry reported that the probandwise concordance rate for AAA was 
2.5 times higher in MZ compared with DZ twins indicating a heritability of 77%.29

24.2.1.5 Peripheral arterial disease
Peripheral arterial disease (PAD) means the reduction of blood flow to the lower 
extremities due to slow and progressive narrowing, blockage, or spasms in a blood 
vessel.30 The most common risk factors for PAD are well known, and also include 
genetic predisposition. A Swedish twin study confirmed the role of genetic (58%) 
and individual environmental factors (42%) in PAD development.31 A study of 21 
discordant twin pairs revealed that the twin with PAD was more likely to be sedentary 
and a persistent smoker.31 An ultrasound twin study revealed a heritability of 44%–
47% for common and superficial femoral IMT.32 The variance in femoral plaques 
was due to genetic factors and the remaining 50% was explained by common (15%) 
and unique (35%) environmental factors. Sidedness and number of femoral plaques 
were mainly under genetic control. Femoral plaque composition was explained by 
genetics (64%) and unique environment (36%). Covariation between the liabilities 
to carotid and femoral plaques was mainly attributed to shared genes (77%).18 
Recent forays into GWAS and epigenetics studies have suggested an important role 
of environmental factors in DNA methylation, histone acetylation signatures, and 
miRNA regulation.33
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24.2.2 Twin studies in frequent respiratory diseases
24.2.2.1 Lung function
A lung function test is a noninvasive method to investigate how well the lungs are 
working. Lung function variables (derived from spirometry) are moderately to 
highly genetically determined based on the results of multiple twin studies.34–38 
GWAS studies identified a number of genes related to respiratory function, such as 
TMEM132C, UNC93A, and TTLL2, and PPT2 on chromosome 21 in a Korean twin 
population.39

24.3 Twin studies of common chronic lung diseases
24.3.1 Chronic obstructive pulmonary disease (COPD)
COPD is a chronic inflammatory lung disease that causes obstructed airflow from the 
lungs, leading to airflow limitation by inflammation and destruction of the airways 
and lung parenchyma. The fast majority of COPD cases (80%–90%) are caused by 
smoking, which by itself is heritable, as discussed in Chapter 23. The susceptibility 
to develop severe COPD is strongly influenced by genetic factors (approximately 
60%).40 Heritability was also suggested for specific COPD components in a pilot 
study of one COPD-concordant and five COPD discordant twin pairs who underwent 
high resolution CT (HRCT).41Lung density and radiological markers of small 
airway disease (bronchial wall thickening, bronchiectasis, mucus plug formation, 
air trapping, and emphysema score) were very similar in identical twins, while other 
components were less similar among MZ twin pairs.41 Behaviors, such as eating 
fruit, smoking, and alcohol use may also influence disease risk and those health 
behaviors are also in part heritable (see other chapters).

24.3.2 Chronic bronchitis
Chronic bronchitis, long-term inflammation of the bronchi, is characterized by 
chronic cough and sputum from the airways. A Danish twin study found a hereditary 
predisposition to chronic bronchitis with heritability estimates of 55% in women and 
25% in men.42 The heritability estimate for self-reported chronic bronchitis was a 
moderate 40% in Swedish samples, with common genetic factors explaining only 
14% of the association with smoking.43 Among twin pairs discordant for smoking, 
chronic bronchitis was significantly more common in the smoking twin compared 
with the nonsmoking cotwin.44

24.3.3 Asthma
Asthma is a chronic inflammatory disease of the airways. Its development was linked 
to genetic factors in around 35%–80%. A study in the Netherlands Twin Register 
confirmed high heritabilities for asthma (75%) and allergy (66%).45 Childhood 
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asthma was also highly heritable (82%) in a Swedish twin study.46 Nonadditive 
genetic influences may also be important, which may have consequences for gene 
hunting strategies. A population-based, cross-sectional Swedish twin study involving 
612 MZ and same-sex DZ schoolchildren found that the association between 
asthma and exhaled nitric oxide level is to a large extent explained by genetics via 
allergen-specific IgE level and not blood eosinophils which might partly explain the 
clinical heterogeneity of asthma.47 Environmental factors play a role in determining 
individual variations in the severity of asthma symptoms. A retrospective cohort study 
in twins aged 3–10 years showed that early life antibiotic use, particularly prescribed 
for respiratory infections, was associated with an increased risk of asthma.48 In 
addition, epigenetic changes such as DNA methylation and histone acetylation can 
be modified by certain environmental factors, such as maternal nutrition, smoking, 
microbiome, xenobiotic exposure, and stress. Discordant twin studies found DNA 
methylation differences (HLX gene cg23603194) among asthma patients.49

24.3.4 Lung cancer
Smoking is the most important cause of lung cancer. However, genetic effects account 
for a significant amount of the variation in the liability to develop lung cancer. 
Heritability of lung cancer among current smokers was 41% and forever smoking 
pairs 37% according to the Nordic Twin Study of Cancer.43 GWAS studies found an 
association with the CHRNA5 functional D398N (rs16969968) variant, which was 
identified for smoking as well. This might explain the link with lung cancer.50

24.3.5 Exhaled biomarkers
Human-exhaled breath contains a mixture of over 3000 volatile organic compounds 
(VOCs), this exhaled breath pattern can be distinguished by pattern recognition 
using electronic noses (e-noses). Most human diseases such as lung cancer are 
affiliated with multiple chemical compounds. VOC pattern was determined by shared 
environmental rather than hereditary factors in twins.51 The bronchodilator response 
to airway inflammation was studied in healthy twin pairs by measuring FEV1 before 
and after inhalation of 400 µg salbutamol. A heritability of 14.9% to 44% was found 
in twin studies.38,52

24.3.6 Obstructive sleep apnoea (OSA)
OSA is caused by the repetitive collapse of the upper airway during sleep and one of 
the major sources of excessive daily sleepiness and cognitive dysfunction. Hereditary 
factors explained the background of snoring.53, 54 The heritability of OSA was 
studied using polysomnography. Heritability estimates for apnoea hypopnea index, 
respiratory disturbance index (RDI), and oxygen desaturation index ranged from 
69% to 83%, while OSA was itself 73% heritable.55 Genetic factors determinate the 
co-occurrence of OSA with hypertriglyceridaemia.56
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24.3.7 In conclusion
Twin research has provided insight into the genetic and environmental factors 
and gene–environment interactions of cardiorespiratory diseases. Most studies 
confirmed the relevance of genetic factors and underline the role of screening high-
risk individuals. Reducing cardiovascular risk factors is of paramount importance 
for individuals genetically susceptible to cardiovascular disease. Findings of twin 
studies may help guide personalized therapy for at-risk patients in the future, as well 
as prevention strategies, thereby reducing the incidence of chronic cardiovascular 
and lung diseases.

24.4 Gaining insight into the heritability of everyday 
cardiovascular function by twin studies

Gonneke Willemsen & Eco de Geus

24.4.1 Introduction
As outlined above, genetic variation plays a large role in the development of 
cardiovascular diseases. However, to fully understand the pathway from genes to 
disease, we also need to understand normal everyday functioning of the systems 
involved, not only in patients but also in the nonpatient population. For this purpose, 
it may not be sufficient to obtain momentary physiological measurements during a 
check-up, whether it be at a GP-office or during a large-scale population screening. 
Such momentary measurements are unlikely to capture all the individual variation in 
daily life, and the situation may also influence the measurement (think of the white 
coat effect on blood pressure). Studies have tried to mimic the response to daily 
challenges within the laboratory, measuring cardiovascular activity while exposing 
study participants to mental and/or physical challenges. Such laboratory stressors will 
often be of insufficient intensity and duration to trigger the full set of physiological 
responses that come into play when stress is “for real.”57 They will thus fail to reveal 
the slower counter-regulatory responses as well as allostatic adaptations that occur 
on a time scale of days or weeks. An example is the gradual build-up in resting blood 
pressure over the course of a stressful work week that subsides in the weekend.58,59 
Laboratory studies also preclude examination of the activities that may have the 
largest clinical relevance like job-related strain, marital conflict, child care or, at the 
other end of the spectrum, restful sleep. The solution to increase ecological validity of 
cardiovascular assessment has been to use ambulatory monitoring of cardiovascular 
signals in real-life settings, using the increasingly advanced technological solutions 
that enable this. Superior predictive validity for long term cardiovascular health has 
repeatedly been shown for ambulatory blood pressure, where full 24-h recordings 
proved better predictors for cardiovascular morbidity and mortality than laboratory 
or office measurements.60–63
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24.4.2 Ambulatory studies of blood pressure and heart rate
Over the last three decades, several ambulatory studies have also been performed 
in twin families. These studies have focused mostly on the data obtained with an 
ambulatory blood pressure monitor with blood pressure as well as average heart rate 
(HR) obtained at intervals over a 24-h period.64–71 The first twin study on 24-h blood 
pressure monitoring was published in 1994 and included only 28 MZ and 16 DZ male 
twin pairs. Participants wore a blood pressure monitor while freely moving around 
in a hospital, where they slept in the sleep laboratory. No exact heritability estimates 
were provided but based on the twin comparisons the authors concluded that genetic 
effects were present for the 24-h profile, in particular the daytime values, of DBP and 
HR.64 While this study did not demonstrate genetic effects for SBP, two other small 
scale studies published in the 1990s,65, 66 which allowed participants to engage in 
their normal day life, showed heritability for all three cardiovascular parameters, SBP, 
DBP, and HR. From 2003 onwards several larger twin studies on ambulatory blood 
pressure monitoring were conducted.67–73 As can be seen in Table 24.1, the outcomes 
of these twin studies are, overall, very much in line with each other and show clear 
evidence for heritability of SBP (ranging from 32% to 71%) and DBP (ranging from 
31% to 70%). Only one of the larger studies67 included heritability estimates for HR, 
estimating this to be 70% in men and 51% in women, when including all participants.

Generally, the estimates for the different quantifications of the blood pressure 
or HR level (e.g., 24-h average, day-time average, night-time average) do not vary 
strongly across the larger studies. Differences between studies may be mostly due to 
choices in design and operationalization of the blood pressure measure. For instance, 
the lowest estimates for SBP (38% and 32%) were seen by Kupper et al.68 for the 
morning and evening average, respectively, when excluding participants on antihy-
pertensive medication (more on this later), while the outcomes for the 24-h average 
for SBP were closer together at 60%67 and 70%.69 Indeed, when Xu et al.70 com-
pared the heritability using data from two different twin registers (East Flanders Pro-
spective Twin Survey and the Georgia Cardiovascular Twin Study) but with the same 
operationalization, they found that the estimates could be considered equal. Wang et 
al.69 examined whether the same genes may influence daytime levels as night-time 
levels. The genetic correlation between daytime and nighttime levels was 0.77 for 
SBP and 0.66 for DBP indicating that common genes underlie the blood pressure lev-
els during the day and night. However, additional unique genetic influences emerged 
for the nighttime levels. While most studies focused on the levels during the day 
and night, one study looked at particular aspect during the night, namely dipping.71 
In most individuals blood pressure decreases during the night, and not showing this 
drop may be related to an increased risk for mortality74 and morbidity,75 though be-
ing an extreme dipper at night may also be associated with an increased morbidity.76 
Wang et al71 showed that this trait of having a nocturnal fall in blood pressure was 
highly heritable with an estimate of 59% for SBP and 81% for DBP.

So far, none of the studies conducting formal twin modeling of ambulatory measured 
blood pressure showed any evidence for the influence of common environmental factors. 
Although power may have been low to detect small effects of a shared twin environ-
ment, a fair conclusion is that the individual variation in blood pressure is predominantly 
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determined by genetic and unique environmental factors. This echoes similar findings for 
conventional blood pressure.77 Several twin studies directly compared the heritability of 
ambulatory and conventional blood pressure measurements (e.g., the average of two or 
three measurements taken while sitting) obtained in the same individuals,65,69,72 gener-
ally concluding that there were no differences in the extent of heritability of ambulatory 
and conventionally obtained blood pressure measurements. This was confirmed by Hot-
tenga et al.73 who compared blood pressure data from three laboratory twin studies and 
one ambulatory monitoring study. However, Wang et al.69 suggested that there may be 
differences in the genes influencing conventional blood pressure measurements versus 
blood pressure measured over a prolonged period using ambulatory monitoring.

The outcomes of the twin studies on blood pressure heritability seem generalizable 
to other populations. Two studies68,73 included in addition to twins also their singleton 
siblings. No differences in means, variances, and covariances emerged for blood pres-
sure in twins and their singleton siblings, indicating that the results of twin studies may 
be generalized to nontwin populations. Also, studies exploring sex differences found no 
evidence for different heritability estimates for men and women in SBP or DBP.67,69,71,73 
Furthermore, Wang et al.69,71 reported similar heritability estimates for European-Amer-
ican and African-American twins. The one study to examine age differences72 pointed 
to a trend for a higher heritability in younger cohorts but this did not reach significance. 
Finally, Fagard et al.67 examined whether the chorionicity of MZ twins (whether they 
were mono- or bichorionic) may influence the heritability of ambulatory blood pressure. 
Using data from the East Flanders Prospective Twin Study, the authors showed that 
chorionicity did not influence the heritability estimates for blood pressure. Only for HR 
gender differences emerged when monochorionic MZ twins were excluded.

Importantly, Kupper et al.68 replicated previous findings from a family based de-
sign,78 by showing that excluding participants on antihypertensive medication has 
substantial effects on heritability estimation. Heritability estimates were at its highest 
when, instead of excluding participants on antihypertensive medication, a correction 
was made for the average effects of the anti-hypertensive medication used. This cor-
rection should thus be applied in genetic investigations of ambulatory blood pressure 
as it provides the best reflection of the true population variance in blood pressure.

24.4.3 Ambulatory monitoring of other cardiovascular parameters
While the heritability of ambulatory monitored blood pressure and simultaneously 
measured HR has received much attention, very few heritability studies focused on 
the ambulatory monitoring of other parameters of cardiovascular function. These 
parameters are generally obtained by more continuous measurement of the heart 
function, extracting indicators of HR variability which may reflect parasympathetic 
or sympathetic influences on the heart. For an extensive explanation of these 
indicators and a general overview of the heritability of these indicators, the reader 
is referred to de Geus et al.79. The Netherlands Twin Register conducted several 
studies80–82,84,85 on ambulatory cardiac parasympathetic nervous system activity 
using HR variability data obtained in twins and their singleton siblings with an 
ambulatory monitor of the electro- and impedance cardiogram (see box 24.1). As can 
be seen in Table 24.2, these studies demonstrated heritability for root mean square 



416 CHAPTER 24 Twin studies of cardiorespiratory disease

Box 24.1 The monitor was developed for easy wear, allowing for 
normal everyday activities. To show the size of the monitor, it is here 
worn outside the clothing. The inset shows the monitor in more detail.

The Netherlands Twin Register has conducted a number of studies on daily life cardiovascular 
activity. The fast majority of these studies made use of the VU-AMS, which continuously monitors 
the electrocardiogram and impedance cardiogram. The monitor was developed at the Department 
of Biological Psychology, Vrije Universiteit to allow participants freedom of movement and enable 
the measurement of continuous heart action during several days to provide insight into the different 
factors influencing normal day cardiac action. Since this department also houses the Netherlands 
Twin Register (www.twinregister.org) this resulted in the largest twin study to date on ambulatory 
recorded indices of cardiac function. For an overview of the papers including the use of the 
VU-AMS, see www.vu-ams.nl/research.

http://www.twinregister.org
http://www.vu-ams.nl/research
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of successive differences between adjacent normal-to-normal intervals (RMSSD, 
40%–54%), and for respiratory sinus arrhythmia (RSA, 33%–57%). The NTR also 
examined ambulatory pre-ejection period (PEP), an indicator of cardiac sympathetic 
nervous system activity.80 The heritability for PEP ranged somewhat more than 
for the parasympathetic indicators, from 25% to 62%, depending on the sample 
and operationalization. When PEP was corrected for left ventricular ejection time 
heritability estimates ranged from 35% at night to 58% in the morning. A further 
indicator of autonomic activity, the standard deviations of all normal-to-normal 
intervals (SDNN) were also found to be heritable in these studies, with a narrow 
range from 35% to 48%.81,82 Additional indicators of HR variability, obtained by 
spectral analysis were studied by Vaccarino et al.83 who showed all to be highly 
heritable. Interestingly, they also found that common genes underlay the association 
of two indicators total power and ultra-low frequency with the score on the Beck 
Depression Inventory.

The NTR studies further showed that common genes influenced the parameters 
across the different periods of the day though at night new specific genes may also 
emerge.80,81 Common genes also explain a large part of the association between 
closely related variables such as RSA with respiration rate and heart period84 and 
SDNN, RSA, and RMSSD.82 To gain more insight into the response to challenges 
during the day, Neijts et al.85 expanded upon the findings by Kupper et al.80 by op-
erationalizing several definitions of reactivity (e.g., work levels while sitting versus 
average sleep or leisure levels). Significant heritability was seen for HR and para-
sympathetic reactivity (here indexed by RSA) and to a lesser extent for sympathetic 
reactivity (indexed by PEP). Further analyses showed that the response to the chal-
lenging periods of the day compared to resting levels was due to the emergence of 
additional genes influencing the response.

24.4.4 In conclusion
Overall, twin studies of ambulatory monitored cardiovascular activity show the 
importance of genetic factors for cardiovascular activity during the day and night. 
In addition, by studying cardiovascular function for prolonged periods of time 
valuable insights can be obtained in specific phenomena relevant to cardiovascular 
morbidity and mortality. Further studies are expected to provide more insight into the 
interplay of genetic and environmental factors on daily cardiovascular function and 
cardiovascular risk.

25.5 Imaging of twins
Adam D. Tarnoki, David L. Tarnoki

Imaging has developed rapidly in recent decades, with the emergence of new 
techniques. X-ray, mammography, and CT involve ionizing radiation. Therefore, 
most of these twin studies are mainly retrospective. Ultrasound propagates by sound 
waves, while magnetic resonance imaging (MRI) operates through a magnetic field. 
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Given their lack of harmful effect, these imaging modalities are frequently applied 
in twin studies. Here we briefly describe the techniques and present some examples 
to illustrate the enormous potential of imaging twin studies for gaining insight into 
disease processes.

25.5.1 X-ray
The use of X-ray has become the gold standard, among others, to analyze bone 
structure and abnormalities as well as certain thoracic abnormalities. There are some 
case studies with radiographs on twins, including a case study of a Scottish identical 
twin pair with recurrent right elbow dislocation86 and a case of conjoined twins.87

Taking into account the effects of ionizing radiation, most twin studies analyze 
X-ray image data that were obtained in hospitals as part of the screening of poten-
tially affected twins. A UK twin study examined the heritability of osteoarthitis of 
the hip joint which was between 58% and 64%.88 Genetic determinants of hip joint 
morphometry and their relationship to hip cartilage thickness were also studied, and 
genetic factors accounted for most of the variation in minimal joint space and ac-
etabular anatomy.89

Additional radiography studies analyzed the spine in the development of idio-
pathic scoliosis. Twin studies have shown that MZ twins are more often concordant 
for idiopathic adult scoliosis than DZ twin pairs. Phenotypic differences between MZ 
twins may also be the result of epigenetic differences. Genetic factors contributing 
to the spine curvature were also raised, as well as the severity of the curvature of 
scoliosis.90, 91

A population-based Korean twin study examined the origin of a common foot 
deformity, hallux valgus, in twins and their families with X-Ray. Heritability was 
estimated at 51% for hallux valgus and 47% for hallux valgus angle, and it was sug-
gested that genetic vulnerability may be reinforced by lifestyle factors, such as shoe 
wearing habits or preference.92

Dual-energy X-ray absorptiometry (DEXA) was used for measuring bone min-
eral density and body composition in twins which indicated that 20% of adult hip 
axis length is associated with environmental factors. Accordingly, any environmental 
effects of physical activity or nutrition on hip geometry must occur before early 
teenage years.93 Bone mineral density was strongly heritable in twins, especially in 
females at all locations using both DEXA and quantitative bone ultrasound (QUS), 
which may explain the importance of family history as a risk factor for bone frac-
tures. Unshared environmental effects accounted for the rest of the variance with 
slight differences in magnitude across various bone regions, supporting the role of 
lifestyle in preventing osteoporotic fractures with various efficacy in different bone 
regions.94

25.5.2 Breast mammography
Compared to the traditional X-ray, breast mammography is performed with different 
physical parameters and photographic techniques. It is therefore suitable for detecting 
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subtle structural differences in the soft parts of the breast. For women of equivalent 
age, those whose breasts display greater white or bright areas on a mammogram—i.e. 
greater mammographic density—are at 1.8–6 times greater risk of developing breast 
cancer. Twin studies have reported that, under the assumptions of the classic twin 
model and after adjusting for age, BMI, and other determinants, the patterns of twin 
correlations for mammographic density measures are consistent with additive genetic 
factors explaining ~60% of their residual variances.95,96 An Australian twin study 
also revealed that at least two common breast cancer susceptibility genetic variants 
were associated with mammographic density measures that predict breast cancer. 
These findings could help elucidate how those variants and mammographic density 
measures are associated with breast cancer susceptibility.97 The heritability of the 
extent of dense and nondense areas within the dense breasts was also examined, and 
a negative genetic correlation was found between these two parameters. This may 
mean that the same genetic factors affect both parameters, but in different ways.96 
In a Korean twin study, the same high heritability of mammographic density was 
found as in Western women indicating that environmental factors are responsible for 
the differences in the risk of breast cancer across populations. An inverse additive 
genetic correlation was reported between dense and nondense mammographic area 
predicting that genes positively associated with dense area may have the opposite 
effect on nondense area.98

25.5.3 Ultrasound
Ultrasound is one of the most commonly involved imaging modality in twin 
research. The first twin studies using ultrasound began in the mid-1990s and have 
examined a wide variety of disorders. To name a few, in 1995, a study of twin pairs 
with polycystic ovary syndrome (PCOS, a disease where numerous small cysts 
are seen in the ovaries together with an abnormal amount of androgen production) 
showed that 5 of 19 pairs of MZ twins were discordant for PCOS. Accordingly, the 
authors concluded that PCOS may be a polygenic condition, an X-linked disorder, 
the result of an intrauterine or a postnatal event, or the result of an interaction 
between genetic and environmental factors.99 In a Finnish twin study, transvaginal 
ultrasound was applied, and heritability of the number of uterine fibriods (myomas, 
benign tumors) was found to be 26%. The incidence of myomas was associated with 
a higher BMI, which is known to be a highly hereditary trait100 (see Cancer and Twin 
Research chapter). A Hungarian twin study analyzed the background of the common 
liver lesion of nonalcoholic fatty liver disease and found this to have no genetic 
background, that is, common (74.2%) and individual (25.8%) environmental factors 
accounted for the variance of the disease.101 Thyroid gland is easily examinable with 
ultrasound, therefore, various twin studies analyzed this endocrin organ. Based on a 
Danish twin study, genetic factors accounted for 71% of the individual differences in 
thyroid volume. This fits the observation that not all individuals develop goiter even 
in iodine-deficient areas.102



42325.5 Imaging of twins

25.5.4 Computed tomography (CT)
CT is a diagnostic imaging procedure that involves rotating X-ray beams around the 
body to build cross-sectional images. In most cases, intravenous contrast material is 
administered in order to observe enhancement of certain organs or lesions for better 
characterization. Given the invasive nature and the ionizing radiation exposure, most 
twin studies are retrospective or case studies in this field or in the case of prospective 
study conducted with low or ultralow radiation.

A CT study on twin pairs found no significant differences between MZ and DZ 
twins in the development of paranasal sinuses which was mainly influenced by envi-
ronmental factors, while the development of one common normal anatomical variant, 
the concha bullosa was partly genetically influenced.103

Since CT is the best choice for imaging the bone structure, several twin studies 
analyzed heritability of bone structures. To understand the genetic background of the 
microarchitecture of the distal tibia and distal radius and remodeling markers, female 
twin pairs aged 40 to 61 years underwent high-resolution peripheral quantitative CT. 
A substantial genetic component has been found, which indicates that middle-aged 
women differ in their bone microarchitecture and remodeling markers more because 
of differences in their genetic factors than differences in their environment.104 The 
same group reported that a larger within twin pair difference in cortical porosity of 
the distal tibia was associated with a larger within twin pair differences in height. 
Accordingly, taller women assemble wider bones with relatively thinner and more 
porous cortices predisposing to fracture.105

25.5.5 Magnetic resonance imaging (MRI)
MRI is a noninvasive imaging technology that produces three-dimensional detailed 
anatomical images based on the detection of change in the direction of the rotational 
axis of hydrogene protons. Based on its noninvasive nature and lack of ionizing 
radiation, MRI is a popular multiparametric imaging modality in prospective study 
of twins.

Obesity is a common trait in the field of MRI twin research. Finnish twin re-
searchers have shown by MR examination of long-term discordant twin pairs in 
terms of physical activity that regular physical activity is an important factor in pre-
venting the deposition of high-risk adipose tissue, even though genetic determinants 
and childhood environmental factors play a role.106,107 Australian researchers used 
MR to show a link between low birth weight and abdominal visceral and subcuta-
neous adipose tissue volume, which means that low birth weight is a high risk for 
abdominal obesity.108 This is consistent with the results of epigenetic studies, as it 
reflects abnormal programming during pregnancy. An interesting example of high-
risk adipose tissue accumulation was presented in 16 middle-aged (50–74 years) 
same-sex twin pairs with long-term discordance in physical activity habits. The inac-
tive twins had 50% more visceral adipose tissue, 54% higher intramuscular adipose 
tissue, and 170% higher liver fat score compared to the physically active twins.106 
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The same Finnish research group also found a link between pancreatic fat content, 
insulin resistance and liver fat content.109

25.5.6 Neuroimaging
Neuroimaging is the other field where numerous twin studies have been conducted. 
To name a few, structural MRI data from the Human Connectome Project was 
used to investigate body mass index (BMI) associated differences in gray matter 
volume (GMV) within MZ twin pairs discordant for BMI. Heavier MZ twin siblings 
demonstrated less GMV within certain brain cortical areas. These results indicated 
that nongenetic influences and the mere presence of a higher BMI constitute relevant 
factors in the context of body weight-related structural brain alterations.110

A quantitative neuroimaging study in twins between 13 and 24 years of age using 
diffusion tensor imaging confirmed that genetic factors play a key role in the devel-
opment of white matter microstructure.111 MRI-visible dilated perivascular spaces 
(dPVS) in brain are common findings even in healthy young persons. A study on 
healthy young adult twins and nontwin siblings confirmed that dPVS volumes within 
basal ganglia and white matter were highly determined by genetic factors, especially 
in white matter.112

25.6 Future directions: radiogenomics and imaging 
epigenetics
The radiological and pathological sciences have developed closely together in 
recent decades, leading to the emergence of radiogenomics (or imaging genomics), 
a new branch of research that examines the relationships between radiological 
and histological features. Radiological tumor phenotypes can be used to provide 
noninvasive information on gene expression patterns, tumor subtypes, and even 
molecular biology data.113 Radiogenomics has not yet been applied to discordant 
twins. However, valuable studies could be performed involving twins, investigating 
not only the radiomorphology but also the underlying epigenetic or environmental 
factors in the affected sibling compared to the healthy twin.114

The combination of epigenetics with imaging can answer questions whether vari-
ous imaging phenotypes can predict epigenetic modification, that are related to organ 
(such as brain) structure, function, and metabolism, which impact disease risk and 
progression. The integration of genetic imaging methods with epigenetic markers 
in humans appears promising, especially in neuroimaging.115 Imaging epigenetics 
will provide deeper insight into the causative pathogenetic and pathophysiological 
pathways through which genes and environment interrelate during life and impact 
physiology, pathophysiology, aging, and disease, especially in MZ twins discordant 
for a chronic disease.114 This knowledge may open doors for the development of 
novel biomarkers and preventive and disease-modifying treatments.
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25.1 Introduction
Pediatric twin studies have been very useful to understand the most common 
somatic health disorders in childhood. Twin methodology has been used to report 
on heritability as well as risk factors, comorbidities, and consequences for pediatric 
respiratory, autoimmune, and hemato-oncological diseases. In a large meta-analysis 
of the heritability of human traits based on 50 years of twin studies, the majority 
of studies were however based on adult populations and very few with focus on 
childhood disorders.1 Using advanced twin methodology in large twin populations, 
studies have been most useful to further the understanding of heritability and the 
role of early life risk factors, including those involved in the fetal origins or hygiene 
hypothesis, for childhood somatic health disorders. Pediatric research questions have 
however not yet utilized twin methodologies as much as for mental health disorders 
and there is a great potential to pursue future studies. In this chapter, we will review 
the causes, comorbidities, and consequences of pediatric somatic health disorders 
and point toward future studies.

25.2 Respiratory and allergic diseases
25.2.1 Causes
Asthma is one of the most common diseases in childhood with a prevalence of 6%–
8% with both genetic and environmental causes. It is a complex disorder with a 
high heritability on average 70%2–6 and major susceptibility loci at 17q21 (including 
GSDMB/ORMDL3), 6p21 (HLA-DRB1), 5q22 (TSLP), and 2q12 (IL1RL1).7 The 
variance in disease liability explained by common variants seems to be higher for 
childhood-onset asthma than for adult-onset asthma.8
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According to the fetal origins hypothesis, factors such as restricted growth in 
utero may result in insufficient energy supply for organ development and increased 
disease susceptibility in early childhood.9 Several studies have reported that prema-
turity or low birth weight are risk factors for subsequent childhood asthma; however, 
twin studies can address the association between birth weight and asthma also tak-
ing genetics and shared environmental factors into account. As such, the associa-
tion between fetal growth and asthma remains in twin comparisons, indicating that 
fetal growth per se influences the risk of asthma later in life.10–12 Likewise, it also 
seems that the higher prevalence of asthma in twins compared to singletons can be 
explained by their lower gestational age and birth weight which suggests that twin 
studies are generalizable.13 Some twin studies have also been able to study the as-
sociation between fetal growth and lung function14,15 or address genetic and environ-
mental contributions of lung function and exhaled nitric oxide to childhood asthma 
phenotypes.16,17

Twin studies have also addressed the hygiene hypothesis which suggests that early 
childhood exposure to microorganisms (such as the gut flora and parasites) reduces 
the risk of asthma and allergic disease by contributing to the development of the im-
mune system. The hygiene hypothesis was implied in conjunction with “westernisa-
tion” when the prevalence of asthma and allergic disease increased more rapidly than 
changes to the genome sequence would allow.18 Timely, twin studies were able to 
study changes in prevalence (7.1% in 1994 to 10.8% in 2003) and heritability (79% 
in 1994 to 91% in 2003) of asthma over time.19 Recently, a joint study from the 
Dutch and Swedish Twin Registries have addressed the association between exposure 
to antibiotics and asthma in childhood and found that children exposed to early life 
antibiotic were at higher risk of asthma which however may be confounded by other 
familial and genetic factors20 and would speak against the hygiene hypothesis. There 
are several related research questions that could be addressed using twin methodology 
in the future.

Allergic diseases such as hay fever (or allergic rhinitis) and eczema (or atopic 
dermatitis) are also common in childhood and often comorbid with asthma. Twin 
studies have shown a high heritability for the diseases with 89% for eczema and 
95% for rhinitis21 and have contributed toward the fetal origins hypothesis to show 
a positive association between birth weight and childhood eczema, but not al-
lergic rhinitis, independent of gestational age, shared environmental and genetic 
factors.22

25.2.2 Consequences
Twin studies have shown that there are no adverse effects of asthma on academic 
achievement23 and twins have slightly better educational careers compared to 
those born as singletons.24 There is a multitude of other research questions on 
consequences of asthma and allergic disease that could be attended to using twin 
methodology.
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25.3 Autoimmune disorders
Type 1 diabetes is one of the most common chronic autoimmune diseases, with 
incidence rates in Finland and Sweden among the highest in the world. Studies from 
the Finnish Twin Registry have reported a pairwise concordance for Type 1 diabetes of 
27.3% (95% CI 22.8–31.8) in MZ and 3.8% (2.7–4.9) in DZ twins and a probandwise 
concordance of 42.9% (26.7–59.2) in MZ and 7.4% (2.2–12.6) in DZ twins. The risk 
for Type 1 diabetes was highest in cotwins when the index twins were diagnosed at 
a very young age. In a model with additive genetic and nonshared environmental 
effects, 88% of phenotypic variance was explained by genetic factors25 which is 
somewhat higher than the reported heritability estimate in Danish twins (71%) and a 
recent population-based Swedish twin study (81%) including adult twins.26,27 Here, 
twin studies have also been helpful to elucidate how risk factors such as genetic 
disposition, age, and male sex are involved in the development of islet autoimmunity 
and positive autoantibodies followed by Type 1 diabetes.28

Celiac disease is another common childhood disorder with a prevalence of 3%. 
Twin studies have shown a high heritability of approximately 75% and the rest of the 
variation due to the non-shared environmental factors.29 In the recent population-
based Swedish twin study on heritability of organ-specific autoimmunity (although 
not specifically targeting the pediatric population), heritability was even higher for 
celiac disease 0.91 (95% CI 0.87–0.94).27 In alignment with the fetal origins hypoth-
esis, twin studies have also reported that higher birth weight is associated with an 
increased risk of celiac disease however with attenuated estimates when comparing 
discordant twin pairs in within-twin pair analyses.30

Although inflammatory bowel disease is not very common in childhood, higher 
concordance rates for monozygotic twins have been reported in Crohn’s disease 
(50.0%) compared to ulcerative colitis (18.8%) which indicates a stronger genetic 
component in Crohn’s disease.31

25.4 Hemato-oncological disorders
In childhood, the acute leukemias account for about 30% of all malignancies. A peak 
incidence of precursor B cell acute lymphatic leukemia, ALL, has emerged as socio-
economic conditions have improved in countries worldwide. Identical infant twins 
with concordant leukemia were first described in the late 19th century, and neonatal 
blood spots in twins have been used to backtrack the first initiating genetic events 
within critical hemopoietic cells to fetal development in utero for most precursor B 
cell ALL and some cases of acute myeloid leukemia, AML.32 These events may occur 
as part of normal fetal development. However, whether other factors (environmental 
or constitutional) are involved to increase the chance of these first genetic changes 
happening is unclear. For some leukemias, the first event appears sufficient to create 
a malignant clone but for the majority of ALL and AML further genetic changes are 
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required, probably postnatal.33 Many environmental factors have been proposed as 
causative for leukemia but few preventative measures have emerged.

25.5 Comorbidity
In childhood, there is some comorbidity between common disorders, and pediatric 
twin studies have been useful to elucidate the mechanisms. Asthma, hay fever, and 
eczema often coexist in the same individuals,34 partly because of a shared genetic origin 
(pleiotropy).21 Recent genome-wide association studies, including both the Dutch and 
Swedish Twin Registries, have identified several loci that contain genetic risk variants 
shared between asthma, allergic rhinitis, and eczema, many of which dysregulate the 
expression of immune-related genes.35,36 Moreover, comorbidities have been reported 
between asthma and attention deficit hyperactivity disorder, ADHD37,38; asthma, and 
Type 1 diabetes39 as well as a familial aggregation of atopic diseases and depression or 
anxiety in children.40 In the recent population-based twin study on coaggregation and 
heritability of organ-specific autoimmunity, coaggregation was more pronounced in 
MZ twins (median HR: 3.2, range: 2.2–9.2) than in DZ twins (median HR: 2.4, range 
1.1–10.0), suggesting that disease overlap is largely attributable to genetic factors.27 
More recently, genetic informative twin studies including linkage-disequilibrium score 
regression and polygenic risk scores have addressed comorbidity between asthma and 
affective traits in an adult twin population and found that they may be partly due to 
shared genetic influences.41 Similar studies are called for also in pediatric twin studies.

25.6 Conclusion
In summary, several pediatric twin studies have contributed to the understanding 
of causes of the most common somatic health disorders in childhood. There are 
yet many unanswered questions and future pediatric twin studies should expand on 
this to show for example long-term consequences of asthma, Type 1 diabetes, and 
gastrointestinal disorders, the role of familial confounding, and also the possibility to 
contribute toward multiomics studies.42
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26.1 Why are twin-singleton differences of interest 
to twin research generally?
The majority of twin studies aim to shed light on the causes of individual differences 
in human health and behavior. An underlying assumption is that results from twin 
studies generalize to singletons despite twins starting out in life differently from 
singletons. Twins typically experience third-trimester intrauterine growth restriction 
and have a higher risk of both prematurity and being small-for-gestational-age. 
According to the hypothesis of “Fetal programming” or “Developmental Origins of 
Health and Disease” (DOHaD), impaired intrauterine growth increases the risk for 
a series of late-life diseases.1,2 In infancy, childhood and adolescence twins usually 
have the unique experience of being reared with an age-matched sibling. Dizygotic 
twins have parents who are, on average, older than singleton parents and, since 1980 
in high-income countries, artificial reproduction techniques have accounted for a large 
proportion of dizygotic twins. This potentially makes dizygotic twins characterized 
by being, on average, socially advantaged, but maybe biologically disadvantaged due 
to less fertile parents and potential side effects of artificial reproduction techniques.3

These known twin-singleton differences lead to questions important for twin 
 research generally: (1) Is being a twin per se associated with certain health and be-
havior characteristics over the life course? (2) Could observed twin-singleton dif-
ferences impact the generalizability of results from twin studies—generally or for 
certain specific phenotypes? This chapter will summarize twin-singleton differences 
and discuss their potential impact on the interpretation of twin studies.

26.2 Intrauterine and perinatal twin-singleton differences
Placenta anatomy is important for twin intrauterine growth. Dizygotic twin pregnancies 
arise from two different egg cells and two different sperm cells and will always have 
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two chorions (placentas) and two amnions. Monozygotic twin pregnancies derive 
from one fertilized egg from which two embryos later emerge. For about a third of 
the monozygotic twin pregnancies, the cleavage takes place within the first four days 
after conception and results in a placenta anatomy like dizygotic twin pregnancies: 
two chorions and two amnions. For about two-thirds of the monozygotic twins the 
split occurs four to seven days after conception and here the twins share the same 
chorion, but still have two amnions. For a small proportion of monozygotic twins 
(1%–2%), the cleavage occurs more than seven days after fertilization and results in a 
twin pregnancy in which the two twins share the same chorion and the same amnion. 
Twin pregnancies with only one chorion have an increased risk of the twin-to-twin 
transfusion syndrome, discordant fetal growth, perinatal morbidity, and mortality 
compared to the majority of twin pregnancies with two chorions.4–7

26.2.1 Intrauterine growth
Weight and length at birth have traditionally been used for assessing twin-singleton 
differences in intrauterine growth. The advantage of this approach is that very big 
population-based samples with reliable measures are available. Sankilampi et al. 
(2013)8 used birth register data for infants born in 1996–2008 in Finland, which 
included more than half a million singletons and 15,000 twins. The median gestational 
age at birth was 37.1 and 40.0 weeks for twins and singletons, respectively. There 
were no twin-singleton differences in individual birth weight or length for births 
occurring before 30 gestational weeks, but thereafter twins diverged from singletons. 
For births at 37.0 gestational weeks, mean birth weight in twins was 400 grams 
lower than in singletons, and the birth length was 1.2 cm shorter. Alexander et al. 
(1998)9 used the 1991–1995 US Natality Data Files to study birth characteristics 
of 3.6 million singletons and nearly a million twin individuals. Also, in this study, 
twins were on average delivered three weeks earlier than singletons and were nearly 
one kilogram lighter at birth (not taking into account differences in gestational age). 
In this bigger US sample, it was possible to detect twin-singleton differences in 
birth weight from 28 weeks of gestation. By 32 weeks of gestation, there was an 
approximate 300 gram difference in median birth weight between singletons and 
twins, and by 38 weeks of gestation, the number was around half a kilogram.

The disadvantage of using birth weight and length stratified for gestational age 
to assess intrauterine growth differences between twins and singleton is that twin-
ning increases the risk of both intrauterine growth restriction and (iatrogenic) prema-
ture birth. This can lead to a so-called collider bias when stratifying for gestational 
age at birth and can create a spurious correlation between twinning and intrauterine 
growth—a bias that is reduced in studies using intrauterine ultrasound assessments.10

Grantz et al. (2016)11 conducted a longitudinal, high-quality ultrasonography study 
of fetal growth in 171 pairs of dichorionic twins to avoid this bias. Using this ap-
proach, they found that twin fetuses start diverging significantly from the singleton 
growth standard around the beginning of 32 weeks of gestation. The twin-singleton 
fetal weight differences estimated in this ultrasonography study are substantially less 
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than the birth weight differences reported in the aforementioned large Finnish and US 
studies. For example, the ultrasound study estimated at 35 weeks of gestation a median 
fetal weight difference between twins and singletons of 200 grams—approximately 
half the estimate in the birth weight studies. The ultrasonography study also revealed 
that the deviation was asymmetrical with no twin-singleton differences in head circum-
ference or femur length, but the abdominal circumference and estimated fetal weight 
trajectories of twin fetuses diverged significantly starting around 32 weeks of gestation. 
The asymmetrical intrauterine growth for twins in the third trimester is considered the 
result of maternal and placental constraints on fetal growth.

If the singleton growth standard is used, about one-third of twins would be classi-
fied as small for gestational age at week 32, and nearly 40% at week 35 of gestation. 
These NICHD Fetal Growth Study results are generally in agreement with previous 
larger cross-sectional ultrasonography studies.12

The potential long-term impact of the intrauterine growth disadvantage starting 
around the beginning of the third trimester will be discussed in the sections on twin-
singleton differences in development, morbidity, and mortality.

26.2.2 Intrauterine risk factors occurring 
in twins but not in singletons
26.2.2.1 Discordant fetal growth
In a systematic review and meta-analyses of more than 10,000 twin pregnancies, it 
was shown that both dichorionic and monochorionic twin pregnancies discordant 
for fetal growth have substantially higher risk of intrauterine death than pregnancies 
concordant for fetal growth. The risk was most pronounced for the smaller fetus, and 
it increased with increasing differences in fetal growth. However, the risk of neonatal 
death was similar to that of fetal growth concordant twin pregnancies.13

26.2.2.2 Twin-to-twin transfusion
During intrauterine life, dichorionic twins (i.e., all dizygotic twins and about one-
third of monozygotic twins) have separate circulatory systems. In contrast, nearly 
all monochorionic twins have vascular anastomoses that enable blood exchange 
between the two twins. This can lead to a number of adverse outcomes, most notably 
the twin-to-twin transfusion syndrome characterized by the “recipient twin” being 
volume-overloaded and the “donor twin” being volume-depleted. The syndrome is 
estimated to occur in 9%–15% of monochorionic twin pregnancies and, if untreated, 
it is associated with markedly increased perinatal morbidity and mortality, especially 
in the small group of monoamniotic twins. The introduction of endoscopic laser 
coagulation of placental anastomoses has improved the prognosis considerably for 
diamniotic twins with twin-to-twin transfusion syndrome.14–16

26.2.2.3 Twin testosterone transfer
Animal studies have indicated that intrauterine androgen hormone transfer from male 
fetuses to their female siblings can have a masculinizing effect on the female fetus. 
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This has prompted an interest in potential differences between females from opposite-
sexed twins compared to females from same-sexed twins and female singletons. 
However, as pointed out by Ahrenfeldt et al.17 in a recent review, the human studies 
of these differences in physiological and behavioral traits are conflicting. Cognition 
is the trait for which there is most support for this Twin Testosterone Transfer 
hypothesis, but even here the results are very divergent.

26.2.2.4 Spontaneous single intrauterine fetal death
Spontaneous single intrauterine fetal death in twin pregnancies or “Vanishing twin 
syndrome” is a spontaneous reduction of one of the fetuses in a twin pregnancy, either 
partially or completely. It is a common phenomenon and poses a risk to the surviving 
twin. Estimates vary depending on the study population and the methods used to 
assess the frequency.18 In a study of more than 700 twin pregnancies conceived in a 
fertility clinic, more than one-third of pregnancies experienced the “Vanishing twin 
syndrome” before 12th week of gestation.19

In a systematic review and meta-analysis, death of one twin fetus was shown to be 
associated with increased risk of intrauterine death, prematurity, and brain damage 
in the co-twin.20 This effect was most pronounced for monochorionic twins and for 
single intrauterine deaths occurring before 28 gestational weeks.

26.2.3 Congenital malformations
Twins have a higher prevalence of several major congenital malformations at 
birth. The increased risk is highest in monozygotic twins and, hence, also in same-
sexed twins compared to opposite-sexed twins in studies with no information on 
zygosity.21,22 Congenital heart diseases are among the most investigated as a major 
and relatively common birth defect. A very large register study from California 
found increased risk in twins compared to singletons in each of the 16 cardiovascular 
categories included, and for seven of them, the prevalence in twins was at least 
double that of singletons.23 A Danish national register study that included zygosity 
information on the twins showed increased risk of congenital heart defects across all 
zygosity groups.24 Acardia is an extremely rare congenital malformation occurring 
only in monochorionic twin pairs in which one twin has no heart and is receiving 
circulation from the other “donor” or “pump” twin.25

26.2.4 Perinatal mortality
Twin-singleton differences in perinatal mortality are complex. Overall, twins are 
at increased risk for perinatal morbidity and death primarily due to a high risk of 
preterm delivery. A direct comparison of the risk of perinatal death in twins and 
singletons will show substantially higher risk in twins. A nationwide study from 
the 21st century in the Netherlands showed an overall perinatal mortality rate for 
twin individuals of 6.6/1000 infants, while the corresponding number for singleton 
pregnancies was 4.1/1000 infants.26 However, the study, in agreement with results 
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based on nationwide data from the US and Sweden, also found that the risk is highly 
dependent on gestational age at birth.26–28 For the preterm period (28–36 weeks 
of gestation), the twin perinatal mortality rate was in fact markedly lower than in 
singleton pregnancies (10.4 vs 34.5/1000 infants). After the preterm period, twins 
have the highest perinatal mortality. One possible explanation for the lower perinatal 
mortality for twins delivered preterm could be that twins have “a good reason” for 
being born premature, namely the presence of another fetus in uterus, whereas a 
singleton premature birth could more often reflect an underlying and potentially 
undiagnosed pathology in the child, the placenta or the mother.

26.3 Twin-singleton differences in development
26.3.1 Neurodevelopment
Intrauterine growth restriction and prematurity are risk factors for adverse neurode-
velopmental outcomes such as cerebral palsy and cognitive impairment. This applies 
to both twins and singletons; however, considering the higher risk of intrauterine 
growth restriction and prematurity in twins, a higher prevalence of adverse neuro-
developmental outcomes could be expected in twins compared to singletons.

26.3.1.1 Cerebral palsy
Twins do have higher prevalence of cerebral palsy than singletons and most 
pronounced for twins born at term, for growth restricted twins and for survivors 
after a “vanished twin.” The increased risk is, however, found across the spectrum of 
gestational ages and birth weight, except maybe for very preterm or very low birth 
weight twins.29,30 For infants with a birth weight of 2500+ g, the relative risk of 
cerebral palsy for twins compared to singletons has been estimated to be a factor of 
3.3–5.5. Overall prevalence estimates have been in the intervals of 2.4–12.6 per 1000 
twin survivors and of 1.2–2.3 per 1000 singleton survivors.30

26.3.1.2 Cognition
As reflected in several chapters in this book (Chapters 12, 23, and 30), one of the most 
studied phenotypes in twins is cognition and change in cognition over the life-course. 
Similarly, cognition or proxy measures for cognition such as school test scores are 
among the most well-studied in terms of twin-singleton differences. Two studies of 
twins born in the UK in the early mid-20th century show that twins at age 11 scored four 
to five IQ points lower than singletons, corresponding to about one-third of a standard 
deviation.31,32 Another UK study of children born in the mid-20th century found a 
similar result. Moreover, when the study compared twins to their singleton siblings, 
hence controlling for many familial factors, it was found that the difference was six 
IQ points in favor of the siblings.33 However, a Dutch study of more recent cohorts 
of twins was unable to detect differences of this size in a comparison with siblings.34 
A very powerful and reliable test of male twin-singleton differences in cognition was 
performed by Eriksen et al. (2012)35 who linked two Norwegian national registers: 
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the birth register from which brothers could be identified and the military conscript 
register from which IQ scores at conscription at age 18–20 were available for males. 
The study comprised nearly half a million men born 1967–1984 and showed that the 
twin IQ was on average 0.1 standard deviation lower than the singleton IQ, both when 
unrelated singletons and when siblings acted as control groups.

The strong dependency between birth year and average twin-singleton differences 
in IQ test has been confirmed in meta-analyses showing differences in high-income 
countries of about one-third of a standard deviation in the early and mid-20th century 
birth cohorts, and trivial or no differences in more recent cohorts.36,37 This pattern 
is likely to be the result of positive secular changes with better maternal health and 
living conditions as well as improvements in obstetrics and pediatrics. Interestingly 
in that context is a study by Hur and Lynn (2013)38 of contemporary adolescent 
 Nigerian twins and singletons, which showed a twin cognitive disadvantage similar 
in size to that found in mid-20th century birth cohorts in high-income countries.

26.3.1.3 School grades, academic achievements,  
and vocational career
Academic achievement tests are highly correlated with IQ and, furthermore, it is a 
“neurodevelopmental phenotype” likely to be of greater interest to parents of twins 
and to the twins themselves than is an IQ test score.39 Due to nationwide health, 
social and educational registers, the Nordic twin registries have been able to provide 
very reliable and powerful designs to test twin-singleton differences in school grades, 
academic achievements, and vocational careers.

A study of school grades in the Danish 1986–88 birth cohorts showed that ado-
lescent twins and singletons had nearly identical test scores in the ninth-grade test. 
The only difference observed was that twins, as expected, were overrepresented in 
the small group of very low birth weight newborns who were characterized by lower 
academic achievements. Otherwise, birth weight had a very small effect on perfor-
mance, but in the large sample it was detectable, and it was found that for twins, 
this effect is best judged relative to what is normal for twins and not for singletons. 
For example, a birth weight of 2500 g, which is the 10th percentile in singletons and 
about the median in twins in this sample, was associated with slighter lower mean 
test scores in singletons, but average mean test scores in twins.39

A nationwide Swedish study of the 1973–1981 birth cohorts40 assessed ninth-
grade scores, IQ test score at conscription (males only), educational achievement, 
and vocational career. The study included twins, siblings, and singletons and showed 
that twins did slightly better in ninth grade and more often completed a university 
education OR 1.16 (95% CI 1.02–1.21) compared to singleton siblings, despite male 
twins having slightly worse performance at the conscription test compared to male 
singletons. At age 27–35, employment rates, mean income and disability benefits 
were similar in twins and singletons.

26.3.1.4 Neurodevelopment in single twins
As previously mentioned, single twins (survivors after a vanished twin) have an 
increased risk of adverse pregnancy outcomes, e.g. growth restriction, prematurity, 
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and cerebral palsy. Therefore, it was surprising that Record et al. (1970)31 showed that 
the four-five IQ point disadvantage found in twins from cohorts born in the 1950s did 
not exist among the subgroup of twins who lost their cotwin early in life, suggesting 
that social competition may be the cause of the twin disadvantage. However, newer 
nationwide register studies of much larger recent birth cohorts in Denmark and 
Sweden showed the opposite pattern, namely that twins with a deceased cotwin 
scored significantly lower on the academic tests than twins with a living cotwin.39,40

26.3.1.5 The impact of assisted reproductive technology 
and socioeconomic position
Dizygotic twins have parents who are, on average, older than singleton parents and, 
artificial reproduction techniques have since 1980 accounted for a large proportion of 
dizygotic twins in high-income countries.41 There is also some evidence that assisted 
reproductive technology (ART) is associated with approximately a doubling of the 
monozygotic twinning rate42,43 ART is associated with better than average parental 
education and socioeconomic position which again is associated with offspring 
IQ and educational achievements.44–46 Therefore, it is key to control for parental 
socioeconomic position in twin studies of ART and later life neurodevelopment and 
generally in studies that are comparing twins to singletons in birth cohorts born after 
1980 in high-income countries.

Using nationwide Danish register data, Spangmose et al. (2017)47 investigated 
ninth-grade test scores for ART singletons and ART twins and compared them to 
spontaneously conceived singletons and twins. The crude mean test score was higher 
in both ART singletons and ART twins compared to spontaneously conceived single-
tons. However, when adjusting for parental socioeconomic characteristics and other 
confounders, the differences between the four groups were trivial. This is in line with 
a review by Briana and Malamitsi-Puchner (2019)29 that concluded that currently 
there is no evidence that ART impacts on twins’ neurodevelopment or general health 
but also that more long-term high-quality studies are needed.

26.3.2 Anthropometric development
26.3.2.1 Height and body mass index
Birth length and weight for twins are, as described previously in this chapter, 
smaller than singletons and mainly, but not completely, explained by shorter 
gestational age.48 Smaller studies that compare growth in childhood for twins 
versus their siblings and the general population find a tendency for twins to be 
leaner, but also that the differences in height and body size disappear gradually 
before adulthood.49,50 However, in nationwide population-based register studies 
with huge sample sizes, it is possible to detect small differences. Silventoinen et al. 
(2008)51 found, in a study of more than 1 million Swedish males born 1951 to 
1976, that male twins at military conscription were shorter, leaner, and had less 
muscle strength compared to singletons, but that the differences were a small 
fraction of a standard deviation. Eriksen et al. (2013)52 estimated, in a similar 
register study of nearly half a million males in Norway born 1967–1984, that twins 
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were on average about half a centimeter shorter than singletons after adjustment 
of a series of background factors and about 1 cm shorter than their siblings. A 1 
cm difference corresponds to about 0.15 standard deviation in the study sample. 
Eriksen and Tambs (2016)53 used the same Norwegian dataset to demonstrate 
a slightly lower body mass index in twins compared to singletons and that the 
difference attenuated when birth weight was controlled for. This suggests that the 
body mass index difference could be attributed to lower intrauterine growth rate 
among twins. Preliminary Danish conscript data including twins also from the 
first half of the 20th century indicate that in the earlier cohorts anthropometric 
differences between twins and singletons were moderate but vanished in later-
born cohorts. This secular change is very similar to what has been observed for 
cognition, and, again, the likely explanation for the progress is better maternal 
health, living conditions, and improvements in obstetrics and pediatrics.

Chapter 24 is dealing in more detail with anthropometric traits in twins.

26.4 Twin-singleton differences in behavior  
and personality
26.4.1 Lifestyle factors
A UK study of middle-aged females showed no twin-singleton difference in smoking 
prevalence or alcohol consumption.54 For twin cohorts born after 1980, the high 
frequency of artificial reproduction technology use among the parents of dizygotic 
twins implies higher socioeconomic level in the twins’ rearing environment and, 
hence, potentially a different lifestyle profile compared to the general population.

26.4.2 Behavior
Many smaller studies have found twin-singleton differences in the behavioral domain, 
and one potential factor may be that twins grow up with an age-matched sibling. 
According to the Adaptive hypothesis, twins could benefit from the socializing 
effects experienced by the cotwins while, on the other hand, the divided attention of 
the parents could lead to intrapair competition and dissociation. Rutter and Redshaw 
(1991)55 concluded in a review that the general level of psychopathology in twins 
is broadly comparable to that in singletons and that socioemotional adjustment 
levels did not differ between twins and singletons. Similarly, van den Oord et al. 
(1995)56 found that problem behaviors in twin infants were similar to those observed 
in singletons. A small Japanese study found that positivity toward one’s sibling 
increased peer problems among monozygotic twins, whereas the opposite tendency 
was present among dizygotic twins and singleton siblings.57

Pulkkinen et al. (2003)58 found no evidence in a large Finnish study of peer re-
ports of adaptive behavior in 11–12-year-old twins and singletons for twin-singleton 
differences in externalizing problem behaviors (hyperactivity-impulsivity, inatten-
tion, aggression) or internalizing problem behaviors (depressive symptoms, social 
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anxiety). However, the same-sexed twins had a small advantage compared to single-
tons in adaptive behaviors (constructive, compliant, and active behavior), whereas 
the advantage was substantial in the opposite-sexed twins. More recently, Robbers 
et al. (2010)59 studied Dutch twins age 6–12 and found that internalizing problems 
developed similarly for twins and singletons up to age 9 but at age 12, twins had less 
internalizing problems while the trajectories of externalizing behavioral problems 
were similar in twins and singletons.

Barnes and Boutwell (2013)60 studied delinquency, polydrug use, victimization, 
and a long series of covariates in more than 1200 twins and 17,000 singletons in the 
US National Longitudinal Study of Adolescent Health, and they did not find evidence 
for systematic twin-singleton differences in many measures of behavior and devel-
opment. Equally important, the study found similar effects of specific covariates on 
measures of antisocial behavior in twins and singletons.

26.4.3 Personality
Johnson et al., (2002)61 studied personalities in nearly 13,000 individuals in the 
Minnesota Twin Family Study and compared the twins to singleton family members 
of the participating twins. The only consistent mean or variance difference in the 
Multidimensional Personality Questionnaire data was greater social closeness for 
twins than for singletons and the difference was very modest (0.1 standard deviation). 
Hence, the no substantial systematic twin-singleton differences were observed or, as 
the title of the paper stated it: The personalities of twins: just ordinary folks.

26.4.4 Divorce
Divorce is a phenotype that is influenced by behavior and personality. Jocklin et al. 
(1996)62 found in the Minnesota study that a substantial proportion of the heritability of 
divorce risk consisted of genetic factors affecting personality. Petersen et al. (2011)63 
used the Danish civil registration system to study marriage and divorce rates among 
more than 35,000 twins and 80,000 matched singletons and found lower marriage 
rates among twins, especially among males and at younger ages. With age, the twin-
singleton differences in marriage rate became smaller and fell to about 5%. For males, 
there were no twin-singleton differences in divorce rate, but female twins had a 13% 
lower divorce rate compared to female singletons. The interpretation may be that 
since twins have a partner from birth, they do not have the same need for marriage as 
singletons but have more experience in maintaining a relationship if they do marry.

26.5 Twin-singleton differences in morbidity and survival
26.5.1 Early life morbidity and survival
The high risk of intrauterine growth restriction and premature birth in twins results 
in excess infant morbidity and mortality in twins compared to singletons although 
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enormous progress in absolute terms has been made over the last 150 years. In the 
Danish 1870–1900 birth cohorts, which were the first to be included in the Danish 
Twin Registry, both twins survived to age 6 in only one-third of the pairs. Among 
singletons, 80% survived to age 6 in these cohorts and if twins had had the same 
mortality risk as singletons, two-thirds and not one-third of twin pairs should have 
made it to age 6.64 In the 21st century in Denmark, 98% of twin individuals made it 
to age 6 whereas for singletons, it was more than 99%.65

A study based on large neonatal prospective databases concluded that when 
controlling for intrauterine growth restriction and prematurity there was no twin-
singleton difference in contemporary neonatal mortality and morbidity rates.66 
Studies of very premature twins and singletons have provided mixed evidence may 
be partly due to small sample sizes.67 Respiratory distress syndrome is the major 
cause of morbidity and mortality in preterm infants. A Finnish nationwide register 
study of more than 850,000 singletons and 23,000 twins showed no twin-single-
ton differences in respiratory distress syndrome if gestational age was taken into 
 account.68

26.5.2 Adulthood morbidity and survival
26.5.2.1 The fetal origins hypothesis
According to the hypothesis of “Fetal programming” or “Developmental Origins of 
Health and Disease” (DOHaD), impaired intrauterine growth increases the risk for a 
series of late-life diseases. The hypothesis has been supported by animal studies and 
a large number of observational association studies in humans, although the “effect 
size” of the associations is generally very modest.1,2 Philips (1993)69 hypothesized 
that the impaired intrauterine growth, in particular for monozygotic twins, could 
impact the validity of classic twin studies. More generally, DOHaD research raised 
the important question whether the disadvantaged beginning of life for twins with a 
high frequency of prematurity, low birth weight, and an often challenging delivery 
would leave “scars” on the twins affecting their health and functioning later in 
life and make them biologically “different” from singletons. If that was the case, 
it could challenge the generalizability of scientific results obtained in twin studies. 
On the other hand, it could be hypothesized that the high intrauterine and perinatal 
twin mortality makes the surviving twin population more selected as only the 
strongest survive—especially in older cohorts. However, as documented below, large 
nationwide register studies of twin-singleton differences in birth cohorts spanning 
more than a century have shown no or small differences in morbidity and mortality 
between twins and singletons after the infant period.70

26.5.2.2 Morbidity
In a study of nearly 50,000 Swedish twins and their siblings and a population sample 
of singletons born 1932 to 1958 and followed through national registers through 
2007, Öberg et al. (2012)70 found the same cumulative risks of cancer, cardiovascular 
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diseases, and death in the three groups. Skytthe et al. (2019)71 followed 260,000 
Nordic twins with more than 30,000 incident cancers and found a marginally lower 
mortality and cancer incidence in twins compared to singletons.

The prevalence of type 2 diabetes was similar in a register study of nearly 80,000 
Danish twins and a random sample of 220,000 age- and sex-matched individuals, 
which is in contrast to the results of Danish, Italian, and New Zealand small-scale 
clinical examinations of twins and singletons that demonstrated adverse effects of 
twin status on outcomes related to type 2 diabetes.63 There is evidence from smaller 
studies that twins have less asthma than singletons in childhood and adolescence, 
whereas larger population-based studies tend to find similar estimates in twins and 
singletons.72

An exception to the pattern that large register-based studies with little room for 
selection bias find no or small twin-singleton differences in morbidity is a Danish 
study that found higher risk of schizophrenia but not bipolar disorders in dizygotic 
twins compared to the background population.73,74 A smaller Israeli study was not 
able to confirm the excess risk of schizophrenia75 and neither was a nationwide reg-
ister study of Swedish twins that found a similar incidence of psychotic and affective 
disorders in twins and singletons and across zygosity groups.76

Monozygotic twins extremely discordant for birth weight provide a model for 
testing the impact of twin intrauterine growth restriction on later-life health and mor-
bidity in a design where genetic and maternal factors can be controlled for. Frost 
et al. (2012)77 studied more than 150 extremely birth weight-discordant young and 
middle-aged monozygotic twin pairs (median intrapair birth weight difference was 
0.5 kilo) and found no indication for a lasting effect on glucose metabolism in the low 
birth weight twin compared to the high birth weight twin. Simmons et al. (1997)78 
studied older twins to assess the potential selection bias over a life course and found, 
through in-person interviews and testing, that octogenarian twins and singletons had 
similar health status and biobehavioral functioning.

26.5.2.3 Survival
A longitudinal study of Danish twins born 1870–1900 followed from age 6 through 
1991 showed that mortality rates for twins were generally similar to those of the 
background population64 and the Swedish study by Öberg et al. (2012)70 mentioned 
in the previous section found similar mortality rates in twins, twin siblings, and 
singleton. The Danish study was later expanded to more than 100,000 twins born 
1870–1990, and it was found that the mortality of monozygotic and dizygotic twin 
individuals differs slightly after taking into consideration the effects of birth- and 
age-cohorts, gender differences, and that twins are paired. However, no substantial 
or systematic differences remain when taking twins with unknown zygosity into 
account.79 A study of cardiovascular mortality within the same population found 
similar rates in twins and singletons80 but substantially decreased suicide risk among 
twins compared to singletons, potentially because twinships provide stronger family 
ties that may be protective.81
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26.6 Twin-singleton differences in genetic studies
Many twin registries have collected data and biological material from a large number 
of twins for decades and have produced “omics” data on a substantial proportion of 
the twins. This makes the twin cohorts ideal for entering consortia that need very large 
sample sizes, e.g. GWAS-studies of complex traits. However, a key question is whether 
there are molecular differences between twins and singletons. Ganna et al. (2013)82 
sought to identify SNPs associated with being a twin per se and found no overall 
difference between twins and singletons. Only in stratified analyses did the authors 
find two SNPs that were genome-wide significant in dizygotic twins only. Mbarek et 
al. (2016)83 identified two other robust genetic risk variants for dizygotic twinning.

Generally, twin samples can be used without bias in genetic studies if there are 
no genetic variants associated with either the trait under investigation or the fact of 
being twin. As monozygotic twinning is a random event, such associations are most 
likely to be found in dizygotic twins.

26.7 Conclusion
This chapter set out to answer the two questions: (1) Is being a twin per se associated 
with certain health and behavior characteristics over the life course? (2) Could 
observed twin-singleton differences impact the generalizability of results from twin 
studies - generally or for certain specific phenotypes? Twins do for sure differ from 
singletons in early life with a higher occurrence of prematurity, low birth weight, 
congenital malformations, neonatal morbidity, and perinatal death. Furthermore, 
dizygotic twins tend to have older parents, and, since 1980, also parents with above-
average socioeconomic position due to the large proportion of dizygotic twins 
conceived with the help of ART in high-income countries. However, data from more 
than a century of birth cohorts show that these differences and their impact generally 
vanish with age and, for more recent birth cohorts, the twin-singleton differences 
are few and generally small after childhood. Even in traits for which there is a mean 
difference between twins and singletons, for example, IQ in older cohorts, it seems 
plausible that it is the same factors in twins and singletons that cause variation around 
their respective mean IQs. Therefore, twin-singleton differences will rarely be a 
challenge for using twin research together with other study designs and populations 
to understand the trait under study.
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Puberty is important for psychological as well as physical development. Although 
puberty is strongly influenced by genes,1 variations in pubertal development are 
also influenced by early life experiences2 and can contribute to risk for behavior 
problems and poor health outcomes3 or stress resiliency and positive outcomes.4 In 
this chapter, we discuss how twin studies provide unique and rigorous information 
about the origins of pubertal variations and the links between puberty and behavior 
by accounting for genetic and common environmental influences in the associations. 
We specifically consider the nature and measurement of puberty, the ideal twin study 
on puberty, findings on gene/environment influences on pubertal development, and 
genetic covariations between puberty and behavior. We conclude with novel ways to 
best utilize twin puberty data, methodological concerns when interpreting findings, 
and suggestions for future research. In brief, many twin studies have revealed that 
pubertal timing is generally heritable in both girls and boys, and that genetic influences 
on behavior can change across puberty. These insights facilitate early detection of 
potentially maladaptive behaviors and identification of possible protective factors.

27.1 What is puberty?
Puberty is a set of linked processes under endocrine control (changes in adrenal 
and gonadal hormonal levels, and physical growth) that prepare adolescents for 
reproduction.5–6 Adrenarche (maturation of the adrenal glands) generally starts at 
ages 6–9 in girls and ages 7–10 in boys and is responsible for body hair growth, body 
odor, and skin changes. Gonadarche (maturation of the ovaries and testes) generally 
starts at ages 8–14 in girls and ages 9–15 in boys and prompts increases in estrogens 
and androgens, and subsequent development of secondary sexual characteristics 
(e.g., growth of breasts in girls, growth of facial hair in boys). Physical growth during 
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puberty is seen in increases in height and weight, and changes in body size and 
composition in both sexes. Puberty ends when the individual reaches reproductive 
maturity and the pubertal processes of adrenarche, gonadarche, and physical growth 
are complete. This typically occurs at ages 15–17 in girls and ages 16–18 in boys. 
Although there are atypical variations of pubertal development (e.g., precocious 
puberty, or puberty that starts before age 8 in girls or before age 9 in boys), we focus 
on normative processes in this chapter.

It is important to differentiate aspects of puberty (i.e., status, timing, and tempo). Sta-
tus refers to a certain point during the pubertal process; these points are often described 
by Tanner stages7 that track the development of pubic hair (adrenarche) and breasts or 
genitalia (gonadarche) separately in girls and boys. Tanner stage 1 represents prepu-
berty, stages 2 through 4 represent increasing maturity, and stage 5 represents full adult 
development. Timing refers to the age at which an individual reaches a certain point in 
the developmental trajectory (e.g., menarche, peak height velocity, midpoint of puberty) 
relative to norms or same-age, same-sex peers. Tempo refers to the rate of pubertal de-
velopment. Relatively few twin studies have examined tempo, and of those that do, there 
is a variety of ways in which tempo has been defined. This makes genetic (among other) 
data difficult to interpret, so we will not discuss tempo further in this chapter.

27.2 Measuring puberty
Table 27.1 shows major twin studies in which puberty has been examined, with a 
focus on puberty measurement. Study designs were prospective, retrospective, or 
cross-sectional. Measures differed in when they were administered and whether they 
assessed gonadarche (e.g., menarcheal age, breast growth, luteinizing hormones, 
gonadal hormones, voice breaking), growth (e.g., height), or a combination of 
processes (e.g., as assessed with common measures described later in this section). 
No studies included in Table 27.1 assessed only adrenarche. Status and timing 
were the two aspects of puberty that were most assessed. Most studies were cross-
sectional and used child report. Cross-sectional studies varied in the ages of their 
samples, with some studies focusing on a specific year12,21–22,24–25 while others 
recruited wider age ranges.15–16,30–37 Prospective studies typically assessed across 
two or three measurement occasions,8,12,20–23,27,38 with the exception of the 
Colorado Longitudinal Twin Study (LTS), which assessed puberty annually from 
ages 9–15.9–10 For more information on how puberty is assessed in research, refer to 
papers outlining the importance of good puberty measurement.6,39

Pubertal status is best measured through physical examination by a health pro-
fessional using standards for Tanner stages.6 Because exams are invasive and must 
be performed by a trained clinician, it is more common to obtain information about 
pubertal development by having youth or their parents provide reports, using standard 
questionnaires, which contain descriptions to which the respondent compares him/her-
self.26,40 For instance, the Pubertal Development Scale (PDS)41 is a common measure 
that provides a total summary score based on the degree of development of secondary 



45927.2 Measuring puberty

TA
B

LE
 2

7
.1

 P
ub

er
ty

 m
ea

su
re

m
en

t 
in

 m
aj

or
 t

w
in

 s
tu

di
es

.

Tw
in

 s
tu

d
y

P
ap

er
(s

)
A

sp
ec

t
S

tu
d

y 
d

es
ig

n
R

ep
o

rt
 t

yp
e

M
ea

su
re

W
he

n 
as

se
ss

ed

A
us

tr
al

ia
n 

Tw
in

 R
eg

is
tr

y
8

S
ta

tu
s

P
ro

sp
ec

tiv
e

E
xa

m
Ta

nn
er

7–
18

 y
ea

rs

(2
 w

av
es

)

C
ol

or
ad

o 
Lo

ng
itu

di
na

l T
w

in
9–

10
Ti

m
in

g
P

ro
sp

ec
tiv

e
C

hi
ld

P
D

S
b

9–
15

 y
ea

rs

S
am

pl
e 

(C
ol

or
ad

o 
LT

S
)

M
en

ar
ch

ea
l a

ge
(A

nn
ua

lly
)

Fi
nn

is
h 

Tw
in

 C
oh

or
t S

tu
dy

11
Ti

m
in

g
R

et
ro

sp
ec

tiv
e

C
hi

ld
M

en
ar

ch
ea

l a
ge

16
 y

ea
rs

(F
in

nT
w

in
)

12
C

ro
ss

-s
ec

tio
na

l
C

hi
ld

P
D

S
♀ 

11
.5

 y
ea

rs

♂ 
14

 y
ea

rs

P
ro

sp
ec

tiv
e

B
io

lo
gi

ca
l

H
ei

gh
t d

iff
er

en
ce

 in
♀ 

11
.5

, 1
7.

5 
ye

ar
s

st
an

da
rd

 d
ev

ia
tio

ns
♂ 

14
, 1

7.
5 

ye
ar

s

(2
 w

av
es

)

13
D

ev
el

op
m

en
t

P
ro

sp
ec

tiv
e

C
hi

ld
P

D
S

12
, 1

4 
ye

ar
s

(2
 w

av
es

)

14
11

, 1
4 

ye
ar

s

(2
-w

av
e 

co
m

po
si

te
)

M
ic

hi
ga

n 
S

ta
te

 U
ni

ve
rs

ity
15

a
S

ta
tu

s
C

ro
ss

-s
ec

tio
na

l
C

hi
ld

P
D

S
10

–2
8 

ye
ar

s

Tw
in

 R
eg

is
tr

y 
(M

S
U

TR
)

16
8–

25
 y

ea
rs

M
in

ne
so

ta
 T

w
in

 F
am

ily
17

S
ta

tu
s

C
ro

ss
-s

ec
tio

na
l

C
hi

ld
P

D
S

11
 o

r 
17

 y
ea

rs

S
tu

dy
 (M

TF
S

)
18

13
–1

6 
ye

ar
s

15
a

10
–2

8 
ye

ar
s

19
Ti

m
in

g
C

ro
ss

-s
ec

tio
na

l
C

hi
ld

M
en

ar
ch

ea
l a

ge
14

–1
7 

ye
ar

s

N
at

io
na

l L
on

gi
tu

di
na

l
20

–2
3

Ti
m

in
g

P
ro

sp
ec

tiv
e

C
hi

ld
M

en
ar

ch
ea

l a
ge

11
–2

1 
ye

ar
s

S
tu

dy
 o

f A
do

le
sc

en
t H

ea
lth

(3
 w

av
es

)

(A
dd

H
ea

lth
)

20
–2

2
R

et
ro

sp
ec

tiv
e

C
hi

ld
B

re
as

t s
iz

e 
du

rin
g

11
–2

1 
ye

ar
s

gr
ad

e 
sc

ho
ol

(C
on

tin
ue

d)



460 CHAPTER 27 Twin studies of puberty and behavior

Tw
in

 s
tu

d
y

P
ap

er
(s

)
A

sp
ec

t
S

tu
d

y 
d

es
ig

n
R

ep
o

rt
 t

yp
e

M
ea

su
re

W
he

n 
as

se
ss

ed

B
od

y 
cu

rv
in

es
s

11
–2

1 
ye

ar
s

du
rin

g 
gr

ad
e 

sc
ho

ol

21
–2

2
C

ro
ss

-s
ec

tio
na

l
C

hi
ld

P
hy

si
ca

l
11

–2
1 

ye
ar

s

de
ve

lo
pm

en
t

co
m

pa
re

d 
to

 p
ee

rs

N
et

he
rla

nd
s 

Tw
in

24
–2

5
S

ta
tu

s
C

ro
ss

-s
ec

tio
na

l
C

hi
ld

Ta
nn

er
12

 y
ea

rs

R
eg

is
tr

y 
(N

TR
)

26
E

xa
m

Ta
nn

er
9 

ye
ar

s

27
P

ro
sp

ec
tiv

e
E

xa
m

Ta
nn

er
9,

 1
2 

ye
ar

s

(2
 w

av
es

)

28
C

ro
ss

-s
ec

tio
na

l
B

io
lo

gi
ca

l
Lu

te
in

iz
in

g 
ho

rm
on

e
9 

ye
ar

s

S
w

ed
is

h 
Tw

in
 s

tu
dy

 o
f C

hi
ld

29
S

ta
tu

s
C

ro
ss

-s
ec

tio
na

l
C

hi
ld

P
D

S
12

–1
4 

ye
ar

s

an
d 

A
do

le
sc

en
t D

ev
el

op
m

en
t

(T
C

H
A

D
)

Te
xa

s 
Tw

in
 P

ro
je

ct
30

–3
3

S
ta

tu
s

C
ro

ss
-s

ec
tio

na
l

C
hi

ld
P

D
S

7–
20

 y
ea

rs

34
–3

5
13

–2
0 

ye
ar

s

30
M

en
ar

ch
ea

l a
ge

7–
20

 y
ea

rs

B
io

lo
gi

ca
l

G
on

ad
al

 h
or

m
on

es
13

–2
0 

ye
ar

s

V
irg

in
ia

 T
w

in
 S

tu
dy

 o
f

36
O

ns
et

C
ro

ss
-s

ec
tio

na
l

M
ot

he
r

Vo
ic

e 
br

ea
ki

ng
8–

16
 y

ea
rs

A
do

le
sc

en
t B

eh
av

io
ra

l
(C

A
PA

)c

D
ev

el
op

m
en

t
37

S
ta

tu
s

C
ro

ss
-s

ec
tio

na
l

C
hi

ld
M

en
ar

ch
ea

l a
ge

8–
17

 y
ea

rs

(C
A

PA
)

38
Ti

m
in

g
P

ro
sp

ec
tiv

e
C

hi
ld

C
A

PA
8–

17
 y

ea
rs

3 
w

av
es

a 
In

di
ca

te
s 

th
at

 th
e 

pa
pe

r 
co

m
bi

ne
d 

sa
m

pl
es

 a
cr

os
s 

tw
in

 s
tu

di
es

.
b 

P
D

S
: P

ub
er

ta
l D

ev
el

op
m

en
t S

ca
le

.
c 

C
A

PA
: C

hi
ld

 a
nd

 A
do

le
sc

en
t P

sy
ch

ia
tr

ic
 A

ss
es

sm
en

t.
N

ot
e:

 N
um

be
r o

f w
av

es
 in

 p
ro

sp
ec

tiv
e 

st
ud

y 
de

si
gn

s 
ar

e 
pr

ov
id

ed
 in

 p
ar

en
th

es
es

. S
ym

bo
ls

 fo
r g

irl
s 

(♀
) a

nd
 b

oy
s 

(♂
) a

re
 u

se
d 

w
he

n 
pu

be
rty

 a
ss

es
sm

en
t d

iff
er

ed
 b

y 
se

x.

TA
B

LE
 2

7
.1

  
 C

on
t’

d



46127.2 Measuring puberty

sexual characteristics that reflect adrenarche, gonadarche, and physical growth. Both 
Tanner stages and the PDS are widely used and are able to measure status from early 
to late development. Despite some concerns about validity of the PDS in particular in 
measuring certain stages of puberty42 and interrater reliability,43 twin studies that use 
either Tanner stages or the PDS provide relatively good assessments of puberty.

Pubertal timing can be inferred from an individual’s pubertal status (e.g., mea-
sured by the PDS) relative to age, peer group, or norm. Multiple assessments of 
status across adolescence9–10 are necessary to achieve good estimates of the timing 
of different aspects of pubertal development, including onset, midpoint, and full at-
tainment of adult characteristics.

Cross-sectional studies that attempt to use a single assessment of status to infer 
timing12 risk conflating the two. Imagine, for example, a cross-sectional study of 
11-year-old girls. If the pubertal status is indicated by age at menarche, then all girls 
who have not yet reached menarche will be considered “late.” In the future, maybe 
half of those “late bloomers” will reach menarche before age 13, which is widely 
considered normative and on time, whereas the other half of the “late bloomers” will 
truly have late menarche (i.e., after age 13). In this study, a significant proportion 
of girls with on-time puberty would have been incorrectly labeled as late maturers.

Interpretation of pubertal timing findings from a single measure becomes even 
more difficult when a sample’s age range is so wide8,30–35 that it includes some par-
ticipants who are just starting puberty and others who have already completed it. For 
instance, a cross-sectional study with 100 participants who range from 7 years old 
to 17 years old would include 100 data points spread across all five Tanner stages, 
whereas a prospective study with 100 participants who are all recruited at age 7 and 
are followed across puberty would eventually yield at least 100 data points for each 
Tanner stage. It would be difficult to make strong interpretations of puberty effects 
from the former study, especially compared to the latter study’s much larger dataset.

The problem of conflating status with timing in cross-sectional studies and longi-
tudinal studies that have only one puberty assessment is partly circumvented by ask-
ing people to report specific ages at which different aspects of puberty occurred. This 
is relatively easy to do in girls by asking for menarcheal age,9–11,19–23,30,37 that is, 
when girls experience their first menstrual bleeding. But this is more difficult in boys 
who lack a distinct pubertal development marker. The Virginia Twin Study of Ado-
lescent Behavioral Development assessed onset of voice breaking in male twins,36 
but this is not a clear equivalent to menarcheal age. Other puberty studies44 have 
considered spermarche in boys, which is equivalent to menarche but is more difficult 
to measure (e.g., requires biological sampling). Additionally, reports of when a cer-
tain status has been reached are generally retrospective (often rated years after the 
event has occurred),11,20–21 raising issues of recall bias such as validity based on how 
memorable the event was, how specific the event was to a particular age, and how far 
back the participant has to recall the event.

Biological measures of puberty include assessment of physical growth12 and 
collection of hormonal assays (i.e., luteinizing hormones, testosterone, estradiol) as 
direct measurements of underlying hormonal changes during puberty.28–30 Though 



462 CHAPTER 27 Twin studies of puberty and behavior

hormonal measures are considered more objective than physical exams and partici-
pant report, they can be influenced by other factors, such as diet, genes, and physi-
ological rhythms. Interpretation of results from growth and hormone data should be 
taken with caution unless they are measured repeatedly over time (because in longi-
tudinal studies individuals serve as their own baseline).

It is important to keep in mind that the timing of measurement is critical for the 
specific questions that researchers are trying to answer. For instance, assessments 
completed during age 12 are ideal for questions about the midpoint of puberty for girls 
but are limited for questions about pubertal onset. Additionally, differences across 
studies’ findings might reflect differences in the ways that puberty was measured, 
so it is important to consider convergence across methods when interpreting results.

27.3 Variations in puberty: Gene and environment
Puberty is an essential biological process, and so is not surprisingly under strong 
genetic control. Much of the variation in both normative and abnormal pubertal 
development is attributable to genetic variation. Genome-wide association studies 
have revealed many genetic variations that can contribute to pubertal development.45 
For instance, over 380 different signals are associated with menarcheal age,46 and 
genetic mutations are implicated in disorders of pubertal timing, such as Kallmann 
syndrome (delayed or absent puberty) and precocious puberty (early puberty).47 
Additionally, kisspeptin neurons in the hypothalamus are thought to regulate the 
release of gonadotropin-releasing hormone (GnRH), which serves as the catalyst for 
gonadarche. KISS1, GNRHR, KAL1, FGFR1, FGF8, PROK2, CHD7, and WDR11, 
just to name a few genes, are all implicated in the release of GnRH.45 It is likely that 
multiple networks of genes in the central nervous system are all involved in the start, 
progression, and end of the different pubertal processes. Refer to Lee and Styne’s 
review for more detail on genetic influences on puberty.1

Studies with singletons have found that genetic influences can explain about 
46%–50% of variance in pubertal development in girls and 40%–45% in boys.48–

49 Thus, pubertal development is not fully determined by genes. The remaining 
variation in pubertal development in both girls (48%–49%) and boys (55%) can be 
explained by environmental influences.48 Pubertal timing can be affected by many 
different aspects of the physical environment. For example, because puberty is heav-
ily influenced by the endocrine system, endocrine-disrupting chemicals found in 
natural (e.g., tofu, soy) and synthetic (e.g., industrial solvents, fungicides, pesticides) 
products have been shown to either advance or delay puberty.1 Childhood nutrition 
and diet have also been observed to have effects on pubertal timing, with intake of 
animal products related to earlier puberty and intake of vegetable protein related to 
later puberty.50 Additionally, puberty can be changed by social experiences: acceler-
ated by early family adversity, including father absence and parental harshness,51 
and delayed by extreme exercise.52 Below we discuss evidence about the relative 
influences of genes and environment on puberty provided by twin studies.



46327.4 Twin studies of puberty

27.4 Twin studies of puberty
Twin studies in puberty are uniquely useful (e.g., beyond large longitudinal studies 
of singletons) for providing insight into puberty and its links to behavior because 
they provide an opportunity to “control for,” or hold constant, shared experiences and 
genetic background in order to examine effects on the behavior of other factors or 
experiences that differ between twins. Twin studies with large samples, strong puberty 
measures, and repeated data collection are ideal when studying contributors to pubertal 
variations. In reality, having all three components is difficult; it takes time and money 
to recruit and longitudinally assess many twin pairs, some of whom eventually drop 
out of the study. Most twin studies of puberty have examined pubertal timing, which 
is the focus of the following section. These studies reflect to what degree pubertal 
timing is heritable. Some studies have linked timing to psychological outcomes, 
which we discuss in the next section. These studies provide insight into the heritability 
of internalizing and externalizing behaviors across puberty.

27.4.1 Heritability of pubertal timing
Heritability of pubertal timing refers to how much variation in timing is due to 
genetic influence. The strongest evidence for heritability of pubertal timing comes 
from the Finnish Twin Cohort Study (FinnTwin) and the Colorado Longitudinal Twin 
Sample (LTS), due to the former’s large sample size and the latter’s use of annual 
PDS assessments across puberty. FinnTwin researchers used data from 20,000+ 
twin pairs across multiple birth cohorts to show that timing for secondary sexual 
characteristics is highly heritable. Same-sex monozygotic (MZ) twins were more 
similar in timing measured by the PDS (girls r = .82; boys r = .72) than were same-
sex dizygotic (DZ) twins (girls r = .51; boys r = .20),12 indicating that those who 
shared the same genes are more likely to be closer in age regarding the timing of 
pubertal. Colorado LTS provides important prospective data from ages 9–15. Growth 
curve estimates from pubertal development trajectories revealed timing to be highly 
heritable for both sexes (77% in girls, 62% in boys) in this study.10

The methodological strengths of these two studies are bolstered by other studies’ 
findings on pubertal timing heritability. Timing was more correlated among MZ (girls 
r > 0.99; boys r = 0.88) than DZ (girls r = 0.52; boys r = 0.44) same-sex twins from 
the Virginia Twin Study.38 Similarly, pubertal development was found to be moder-
ately to strongly heritable in the Netherlands Twin Registry (NTR) when examined 
cross-sectionally in 12-year-olds, although there was notable overlap in the MZ and 
DZ estimates, likely owing to imprecision of the cross-sectional measurement (girls 
MZ rs 0.56–0.96 vs DZ rs 0.35–0.73; boys MZ r = 0.97 vs DZ r = 0.75).24–25

Estimates of environmental influences on pubertal timing are relatively smaller 
in twin studies than genetic influences, with effects ranging 0%–58% in girls and 
0%–55% in boys.10,14,25,30,38 The wide ranges for environmental influences across 
studies may be explained by differences in puberty measurement, with larger esti-
mates from studies that either assessed puberty only once25 or from a sample with 
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a wide age range.30 Sample differences could also play a role in inconsistencies of 
these findings, and one way to address this issue is to dedicate more work to studying 
populations traditionally underrepresented in research. For instance, the Texas Twin 
Project has recruited a sample of twins that is almost 50% Hispanic or Latinx and 
about 20% Black.53 Twin studies overall show that it is likely that variation in puber-
tal timing is much less influenced by environment than by genes, but more work with 
varied environments is needed.

27.4.2 Twin studies of links between puberty and behavior
Variations in pubertal timing are linked with many behavioral problems in singletons.3 
Girls with earlier pubertal timing are at higher risk for disordered eating and 
depressive problems starting in adolescence. Conversely, boys with off-time puberty 
are at higher risk for conduct and substance use problems starting in adolescence or 
young adulthood in some cases. Twin studies can help determine if there are common 
genetic factors that drive such connections between puberty and behavior as well as 
give insight into common environmental effects. As depicted in Fig. 27.1, we focus 
on studies linking puberty to internalizing (e.g., disordered eating, depression) and 
externalizing problems (e.g., rule-breaking, conduct disorder, risk-taking, substance 
use) because these associations have been most well-studied in twins.

Internalizing Behavior Problems. Data from the Minnesota Twin Family Study 
(MTFS) suggest that genetic influences on disordered eating (i.e., unhealthy eating 

Internalizing 
Behaviors

Disordered 
Eating

Depression

Rule-
breaking

Genetic influences on unhealthy eating 
behaviors increase during puberty for girls17

Puberty

Environmental influences drive link between 
puberty and symptoms for girls29

Genetic influences on rule-breaking increase 
during puberty for girls and boys32

Genetic influences on conduct disorder 
stronger for girls with on-time puberty 

Conduct 
Disorder

Risk-taking

Substance 
Use

Puberty

Externalizing 
Behaviors

stronger for girls with on-time puberty 
compared to girls with early or late puberty19

Environmental influences on conduct disorder 
stronger for girls with early or late puberty 
compared to girls with on-time puberty19

Environmental influences on risk-taking 
stronger for girls with early puberty compared 
to girls with on-time puberty22

Discordance in pubertal timing linked to 
discordance in drinking frequency for girls11

FIG. 27.1 Links found between puberty and behavior in twin studies.

Note. Findings for girls only are in green. Findings for girls and boys are in orange. There 
are no findings for boys only.
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behaviors, such as restricting food, excessive exercise, and binge eating) increase at 
puberty. Genetic influences were found to be low (0% of variance) in prepubertal 
11-year-old girls but moderate (54% of variance) in pubertal 11- and 17-year-old 
girls.17 This suggests that increases in pubertal hormones influence gene networks 
important for disordered eating in girls. Nevertheless, puberty may not be important 
for genetic influences on other disordered eating risk factors and characteristics, in-
cluding thin-ideal internalization and bulimia symptoms. Researchers working with 
data from the Michigan State University Twin Registry (MSUTR) examined whether 
pubertal development moderated associations between genetic and environmental in-
fluences and female twins’ thin-ideal internalization (i.e., an individual’s acceptance 
of the societal ideal that body thinness is attractive). The MSUTR data showed that 
thin-ideal internalization was more influenced by environment than genes in girls 
with no moderation effect of pubertal development;16 this may be because body ide-
als can be socialized based on culture and context.54 Additionally, menarcheal status 
was not found to moderate genetic or environmental influences on bulimia symptoms 
in a cross-sectional examination of 1502 participants aged 8–17 years from the Vir-
ginia Twin Study; heritability of bulimia symptoms did not differ in twins who were 
premenarcheal versus postmenarcheal.37 Inconsistencies with MTFS and Virginia 
Twin Study findings may be due to differences in the measurement of puberty (i.e., 
midpoint of puberty in MTFS versus menarcheal status in Virginia Twin Study) or 
the age ranges of the samples themselves (i.e., same-age cohorts of 11- and 17-year-
olds in MTFS versus a cohort ranging from 8 to 17 years old in Virginia Twin Study). 
It is also important to note that work on links between puberty and disordered eating 
in twin studies has been limited to girls, so it is not known whether genetic influences 
on disordered eating in boys follow the same pattern.

Puberty may moderate environmental rather than genetic influences on depres-
sion. Links between pubertal status and internalizing symptoms in girls were found 
to be largely driven by shared environmental influences in twins in the Swedish Twin 
study of Child and Adolescent Development (TCHAD).29 In twin studies, shared en-
vironmental influences refer to nongenetic factors that twins have in common, such 
as parents and family (as opposed to nonshared environmental influences that twins 
do not have in common, such as friends and classrooms). Future research should 
examine whether these findings regarding shared environmental influences also hold 
true in boys. Genetic influences on internalizing problems did not change through-
out puberty for Colorado LTS10 and Texas Twin Project33 girls and boys. Together, 
these findings suggest that, across development, the presence of depressive behaviors 
becomes more dependent on environment, such as stress exposure,55 for girls specifi-
cally. Additionally, the findings from Colorado LTS and Texas Twin Project suggest 
that genetic influence stays consistent across puberty in both girls and boys. Though 
singleton data have shown that hormone levels at puberty can contribute to sex dif-
ferences in depression that emerge during adolescence,56 twin findings so far suggest 
that hormonal influences on sex differences do not change over time, particularly 
throughout puberty.
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Externalizing Behavior Problems. Both pubertal status and timing have been 
found to influence the level of variation in externalizing behaviors. Heritability of 
rule-breaking increased with pubertal development for girls and boys; heritability 
was 19% for Texas Twin Project participants with a PDS score of 1 (pubertal devel-
opment had not yet begun) and 71% for individuals with a PDS score of 4 (puber-
tal development was complete),32 although findings are difficult to interpret as they 
conflate pubertal development with age-based trajectories of risk-taking (e.g., it is 
unclear whether puberty or age underlies the effects). MTFS work showed that ge-
netic influences on conduct disorder were stronger for female twins who had on-time 
puberty whereas shared environmental influences were stronger for female twins 
who had early or late pubertal timing.19 Girls from the National Longitudinal Study 
of Adolescent Health (AddHealth) with early menarche showed stronger links be-
tween their own risk-taking and the risk-taking of their peers than girls with on-time 
menarche.22 The latter two findings suggest that genes may be more influential on 
behavior in a typical environment and less influential on behavior in an atypical en-
vironment for girls. Due to relative lack of data in opposite-sex twins allowing for 
examination of overlap in influences acting on externalizing behaviors, it is unknown 
at this point whether the same genetic and environmental influences on externalizing 
problems in girls are also present in boys.

Twin studies can be leveraged to examine variations in links between puberty 
and behavior within twin pairs, too. Discordant designs focus on differences be-
tween twins who have the same genetic influence and common experiences in order 
to isolate non-shared experiences that are likely to contribute to the differences.57 
FinnTwin girls who were discordant on menarcheal age (i.e., twins who did not start 
menarche at the same age) were also discordant on drinking frequency, a substance 
use measure; specifically, girls who started menarche earlier than their cotwins were 
more likely to report higher drinking frequency.11 This is consistent with work in 
singletons showing that girls with earlier pubertal timing subsequently reported more 
substance use,58 but this work is more compelling because of the nature of the dis-
cordant design available to twin studies, which is discussed further in a later section.

27.5 Other uses of twin data on puberty 
when studying behavior
Aside from twin study-specific modeling approaches, there are other useful ways 
to examine twin data when answering questions about puberty and behavior. These 
include attempts to replicate findings and examine sex differences.

27.5.1 Replication analyses
There is increasing emphasis on replication in many areas of research, including 
psychological science because several findings have not been reproduced.59 This 
raises questions about sample size, measurement, and data analysis. Twins provide an 
opportunity for replication, especially because twin studies are often large: a research 
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question can be addressed in a sample of one twin from each pair and then repeated 
in another sample of the other twin from each pair. If findings are the same, then 
this increases confidence in the findings. If findings are not replicated, then this may 
indicate either that the original finding was a false positive or that there were issues in 
methodology when the study was conducted. So far, few studies looking at pubertal 
development in twins have taken advantage of replication analyses. One exception 
is a study from Colorado LTS. Results on estimated pubertal trajectories as well as 
correlations between pubertal timing and tempo, and internalizing and externalizing 
problems were generally consistent across replicates, suggesting that findings are 
robust.9

27.5.2 Examining sex differences
Twin data can help to understand if there are significant differences in the heritability 
of pubertal timing between girls and boys. Looking at opposite-sex twins who grow 
up in the same environment allows for examination of this question. Australian Twin 
Registry data suggest that pubertal status may be similarly heritable in girls and boys; 
66 opposite-sex twins were concordant on pubertal status vs 24 opposite-sex twins 
who were discordant.8 It is important to replicate this finding in a larger sample and 
to extend this finding by comparing it to heritability of pubertal status in same-sex 
twins. Additionally, work comparing opposite-sex twins on pubertal status should be 
expanded to investigations of whether heritability of pubertal timing differs by sex.

A more common way of studying sex differences with twin puberty data is to 
compare male and female same-sex pairs on puberty–behavior links in order to deter-
mine if there are different genetic variations influencing outcomes by sex. Colorado 
LTS researchers found no sex differences in whether puberty moderated heritability 
of behavior problems in male and female same-sex twins; puberty did not moderate 
genetic influences on behavior problems in either males or females.10 Within the Tex-
as Twin Project, sex did not influence how pubertal development is associated with re-
ward sensitivity, but it was differentially associated with sensation seeking (positively 
in males and negatively in females).35 These different effects found in the same study 
may be due to the different ways of operationalizing reward sensitivity (i.e., latent 
factor based on performance on multiple behavioral tasks) and sensation seeking (i.e., 
self-report on one questionnaire). Researchers often look at effects separately in each 
sex but do not compare them statistically, which will be important in moving forward 
with understanding sex differences in genetic influences on puberty–behavior links.

27.6 Methodological issues
There are sometimes significant concerns about puberty measurement in many 
studies, including twin studies. This is likely because puberty is not a focus of these 
studies, and pubertal timing assessment often is not consistently done with the best 
measures possible. Some studies look at puberty explicitly whereas others look at 
puberty incidentally. Improvements in measurement are occurring. For instance, the 



468 CHAPTER 27 Twin studies of puberty and behavior

Texas Twin Project is using multiple measures through multiple modes, including 
hormone assays. These strengths, however, pose some challenges. As previously 
mentioned, direct measurement of hormones can be influenced by other non-pubertal 
processes.

We also previously mentioned the need for research on populations traditionally 
underrepresented in research. Having a diverse sample is beneficial for increasing 
understanding of variations in pubertal timing that may be influenced by culture and 
context. Singleton studies have contributed to this literature. For instance, Black girls 
tend to start puberty earlier (e.g., earlier onset of breast and pubic hair development 
as well as earlier menarche) than White girls in the United States.60 Additionally, 
pubertal timing’s associations with behavioral outcomes can differ by racial/ethnic 
groups; early and later pubertal timing as measured by the PDS are more associ-
ated with depressive symptoms for Latina girls than for Black and White girls in 
the United States.61 Such differences in puberty–behavior links may be driven by 
culture and context as well. For example, early pubertal timing was positively as-
sociated with externalizing problems for Caribbean Black girls whereas timing was 
not associated with externalizing problems for American Black girls.62 These find-
ings in singletons could be replicated in twin studies, which have the added benefit 
of a genetically-informative design. Though studies like the Texas Twin Project are 
helping contribute to puberty work by recruiting from different racial and ethnic 
populations, results from such studies of diverse samples are difficult to interpret if 
cross-cultural differences are not thoughtfully operationalized and if each race and 
ethnicity are not properly represented by large numbers.

Another issue some studies face when answering questions about puberty is ac-
counting for wide age ranges common to cross-sectional twin studies. Having a wide 
age range causes confounds with general trends in adolescent development, making 
it difficult to know if something is occurring due to changing pubertal hormones 
specific to the individual or due to general adolescent processes like new friendships, 
parental conflict, or neural maturation.

27.7 Future directions
Opportunities are ripe for future work, and there are some knowledge gaps that twin 
studies can tackle. Work on the brain and neural development during puberty is 
emerging. Additionally, cultural influences on puberty links with behavior and brain 
can be explored. Designs unique to twin studies like discordant designs can also be 
used more in future puberty research.

27.7.1 Studying links between puberty and the brain
Twin studies are becoming recognized as an opportunity to study heritability of neural 
features and changes during puberty. Most work comes from the NTR and findings 
so far are about brain structure heritability at the start of puberty, though puberty was 
inferred from age and not explicitly linked to the brain.26 Longitudinal examination 
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across puberty showed general brain and white matter volume to be heritable at 
both ages 9 and 12, and the negative association between increases in white matter 
growth and structural connectivity to be influenced by environmental factors.27,63 
This research is promising, but there are still knowledge gaps on function that can be 
filled. For instance, brain function underlying links in disordered eating identified in 
an earlier section could be explored, and brain function underlying reward sensitivity 
and sensation seeking may clarify conflicting results.

27.7.2 Potential impact of cultural differences
Thus far, it is unclear whether findings on puberty–behavior and puberty–brain links 
can be generalized across cultures. For example, American twin studies primarily 
focus on mental health outcomes whereas work on brain development during puberty 
comes from Dutch twin research. Future work could take an international, cross-
cultural perspective by using existing data from twin studies around the world. The 
use of multiple data sets would also speak to questions about replicability.

27.7.3 Continued use of the discordant design
Researchers using twin data in future investigations of puberty can use a discordant 
design with which they can examine whether twins who have different pubertal 
development trajectories also have different behavioral outcomes or vice versa. 
Other than one study previously mentioned in this chapter,11 the discordant design 
has not been applied widely to other work on twin puberty and behavior. As more 
researchers take advantage of this approach, more will be uncovered on how and 
through what mechanisms differences in behavior are impacted by differences in 
puberty.

27.7.4 Addressing limitations
We previously highlighted measurement, generalizability, and age specificity issues 
present in past studies of puberty. Future studies can overcome these limitations 
by making sure to use the best possible measures of puberty available, recruiting 
large enough numbers of different races and ethnicities, and following same-age 
individuals prospectively across adolescence. Researchers using data from existing 
studies can be transparent about study strengths and limitations, as findings from 
these data will still be informative as long as they are not overstated.

27.8 Conclusion
Twin studies have enhanced research on puberty by revealing that pubertal timing 
is highly heritable (about 70%) in both sexes and that puberty increases genetic 
influences on some behaviors at puberty. Twin studies have helped push puberty 
work forward because of their unique ability to parse genetic and environmental 
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influences. Not surprisingly, twin studies have just scratched the surface of what 
can be done, so there are many opportunities for future studies that take advantage 
of longitudinal assessments in functional neuroimaging data, studies of youth from 
wide ranges of cultures, and discordant designs to answer questions about puberty 
and behavior.

27.9 Takeaways
•	 Twin	studies	show	that	pubertal	timing	is	highly	heritable	in	both	sexes.
•	 Pubertal	development	might	increase	genetic	influences	on	behavior,	especially	

disordered eating behaviors in girls. This suggests that pubertal processes acti-
vate genes important for those behaviors. There is less known about puberty–
behavior links in boys due to relatively less available data.

•	 Future	twin	studies	would	benefit	from	greater	attention	to	methodology,	espe-
cially pubertal measurement and sample diversity.

•	 There	is	still	much	to	discover	about	puberty	and	behavior	links,	such	as	sex	
differences, neural underpinnings, and cultural mechanisms. Twin studies are 
well-poised to continue filling knowledge gaps with their genetically informa-
tive design.
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28.1 Introduction (MSK conditions)
Musculoskeletal disorders are one of the most pervasive conditions that contribute 
substantially to illness, pain, and disability, as well as global health and economic 
burden.1 The burden of disease, causing people to have a health status less than an 
ideal health is usually assessed by the number of years lived with disability (YLD). 
The prevalence of musculoskeletal disorders, leading to YLD has risen by around 66% 
between 1990 and 2017.1 During this period, YLD due to common musculoskeletal 
disorders, namely, osteoarthritis (degenerative joint disease characterized by 
breakdown and loss of cartilage in the joints) and low back pain have increased 
by 114% and 52%, respectively. Low back pain has also been found to be one of 
the top leading causes of YLD. In addition to the health burden of musculoskeletal 
disorders, these conditions have substantially contributed to the global economic 
burden. For example, in Australia between 2015 and 2016, the economic burden 
related to musculoskeletal disorders was the highest, $12.5 billion compared to other 
disease groups, around 7.8% of the total expenditure on health goods and services,2 
whilst in the United States, the economic impact of musculoskeletal disorders was 
$980 billion dollars, accounting for 5.7% of the gross domestic product in 2014.3 
Aside from the economic impact in Europe, where the overall costs of work-related 
musculoskeletal disorders alone could reach as high as 2% of the gross domestic 
product, musculoskeletal disorders, particularly work-related low back pain, have 
been reported to be the leading cause of people’s absence from work.4,5 Furthermore, 
the increasing economic impact of low back pain in Japan was estimated around 1.2 
trillion yen in 2014 due to due to lost productivity.6 Therefore, it is crucial for the 
scientific community to conduct sophisticated and robust research on musculoskeletal 
conditions to lessen the increasing global health and economic burden. Involving 
twins or incorporating twin designs in musculoskeletal studies can contribute to the 
advancement of musculoskeletal research.

In this chapter, we will review the applications, benefits, as well as potential 
caveats of incorporating twin approaches in musculoskeletal studies. First, we will 
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discuss the benefits and applications of using the classic twin design, which helps to 
partition the total variance of the trait of interest into genetic and environmental fac-
tors. This approach has been applied to better understand genetic and environmental 
contributions to various traits in relation to the musculoskeletal system. Second, we 
will discuss the cocontrol twin design, its applications, and possibilities of control-
ling confounding factors to investigate risk factors (exposures) of musculoskeletal 
conditions. In the final section, we will discuss the applications of the working with 
twins in randomized controlled trials. The benefits and applications of each twin de-
sign will be followed by a discussion of potential caveats associated with using these 
twin approaches in musculoskeletal research (Table 28.1).

28.2 How twins can help musculoskeletal research
28.2.1 The classical twin design in musculoskeletal research
The classic twin design, perhaps the most common in twin research, aims to partition 
the total variance of a trait into genetic and environmental contributions by estimating 
heritability (genetic influence on trait variance) based on twin resemblance.7 The 

TABLE 28.1 Applications, advantages, and limitations of twin designs in 
musculoskeletal research.

Design Examples Advantages Limitations

Classical twin 
design

Genetic factors 
explained 62% of the 
total variance of knee 
osteoarthritis12

Simple and no genotyping 
is required to partition the 
total variance of a trait into 
genetic and environmental 
factors8

Challenging to 
ensure the equal en-
vironment assump-
tion between MZ 
and DZ twin pairs8

Cotwin control 
design in non-
interventional 
musculoskel-
etal studies

Genetics and early 
shared environment 
potentially act as 
confounding factors 
for the association 
between physical 
activity and recent 
low back pain35

Almost perfect genetic 
control can be achieved 
by involving MZ twin 
pairs30

Including DZ twin 
pairs to investigate 
risk factors or ex-
posures makes the 
design less efficient 
than involving MZ 
twin pairs31

RCTs involv-
ing twins

The beneficial effect 
of taking calcium 
supplementation on 
bone mineral density 
was observed in pre-
pubescent children39

Involving concordant 
MZ twin pairs in RCTs 
provides an opportu-
nity to reach the de-
sired statistical power 
with fewer participants 
compared to involving 
unrelated singletons30,38

Study recruitment is 
challenging as both 
twins from each pair 
are required to be 
concordant pheno-
typically to partici-
pate in a RCT38

MZ, monozygotic; DZ, dizygotic; RCT, randomized controlled trial.
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influence of genetics on the trait of interest is demonstrated in the classic twin design 
when monozygotic twin pairs, who are genetically identical, are more similar than 
dizygotic twin pairs, who share half of their genes.8 In other words, the genetic 
influence on the variance of a trait is expected when correlations within monozygotic 
twin pairs are higher than dizygotic twin pairs. Heritability estimates are found in 
almost all human traits,9 meaning individual differences in almost all the traits are 
explained by a combination of genetic and environmental factors. Additionally, the 
heritability of most human traits ranges between 0.3 and 0.6, which is considered 
to be moderate heritability.10 The classic twin design can be applied to both cross-
sectional and longitudinal musculoskeletal studies.

The classic twin design has commonly been applied to musculoskeletal research 
to estimate genetic and environmental contributions to the heritability of various 
musculoskeletal conditions. Estimating the heritability of musculoskeletal conditions 
provides valuable information regarding the extent to which genetic and environ-
mental factors influence musculoskeletal traits or conditions, in addition to important 
implications for genetic association studies designed to further understand the role 
of genetics. For instance, the heritability of low back pain, one of the most common 
musculoskeletal conditions, has been estimated to be between 27% and 67% depend-
ing on the severity of low back pain,11 meaning environmental factors can explain 
between 33% and 73% of the variance of low back pain. Additionally, genetic factors 
explain approximately 62% of the total variance of knee osteoarthritis.12 The clas-
sic twin design to estimate heritability has not only been applied in musculoskeletal 
conditions but also in musculoskeletal traits. For example, heritability estimates for 
lumbar lordosis and total lumbar range of motion in the sagittal plane, the reduction 
of which is often associated with low back pain,13 have been found to be 77%14 
and 47%,15 respectively. A recent systematic review investigating the heritability of 
musculoskeletal motion in healthy people found that the total variance of gait speed, 
lumbar range of motion, and motor coordination is partially influenced by genetics 
although very few studies to date have estimated the heritability of musculoskeletal 
traits in relation to human motion.16 In that systematic review, a meta-analysis of 
within-pair correlations of monozygotic and dizygotic twins found that the influence 
of genetic factors explained one-third of the total variance in gait speed. As in the 
earlier studies, it is optimal to include both monozygotic and dizygotic twin pairs to 
determine the influence of genetic factors on the variance of a trait. Nevertheless, an 
interesting finding from a meta-analysis that pooled within-pair correlations only 
based on monozygotic twin data has shown that shared familial factors, including ge-
netics, more strongly influence the response of body composition than cardiorespira-
tory fitness.17 However, the heritability of musculoskeletal traits has still been less 
investigated than other traits, such as psychiatric, metabolic, and neurologic traits.9 
Therefore, there is a need for more research to investigate genetic and environmental 
contributions to various traits in relation to musculoskeletal system.

Applying advanced analytical approaches in the classic twin design may assist 
in precisely estimating heritability and identifying potential mechanisms through 
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which genetics influences a musculoskeletal trait or condition. The simplest way 
of estimating heritability based on differences in within-pair correlations between 
monozygotic and dizygotic twins in the classic twin design has been extended by 
sophisticated analytic approaches, such as structural equation modeling, which, al-
though potentially useful in the field of musculoskeletal research, has a relatively 
small number of musculoskeletal studies to date. As an extension of the classic twin 
design, potential confounding factors for the trait of an interest, such as sex and age, 
can be adjusted in the analysis of twin data.7 For example, a previous study that in-
cluded 300 monozygotic and dizygotic twin pairs has used age-adjusted univariate 
models to estimate the heritability of lumbar flexibility.15 Additionally, multivari-
ate genetic analyses of twin data could particularly be useful to identify pleiotropic 
traits associated with musculoskeletal system, as well as musculoskeletal conditions. 
In pleiotropy, genes responsible for one trait play a role in other traits, meaning a 
change in a trait may influence other traits due to their genetic correlations.18 One 
of very few studies that used the approach in musculoskeletal research has investi-
gated a potential pathway through which genetics affect lumbar disc degeneration.15 
In that study, lumbar extension range of motion has genetically and inversely been 
correlated with intervertebral disc degeneration, suggesting increased lumbar disc 
degeneration was associated with reduced lumbar extension. Therefore, more mus-
culoskeletal research is needed to use the classic twin design extended by advanced 
analytic approaches such as multivariate genetic analysis to better understand the 
role of genetics in musculoskeletal traits and conditions beyond the most commonly 
known heritability estimates.

There are potential limitations to consider when using the classic twin design in 
musculoskeletal research. Although heritability is commonly estimated by using the 
classic twin design, it is challenging to ensure the equal environment assumption 
where environments that monozygotic and dizygotic twin pairs shared are assumed 
to be equal. The violation of this assumption can potentially affect the accuracy of 
heritability estimates.7,8 For example, heritability of a trait can be overestimated if 
environments that twins shared are more similar in monozygotic twins than dizygotic 
twins or underestimated if the environments are less similar in monozygotic twins 
than dizygotic twins. Therefore, ensuring the similarity of the trait of interest be-
tween monozygotic and dizygotic twins is important to minimize the impact of vio-
lating this assumption on the accuracy of heritability estimates. Additionally, herita-
bility estimates should be interpreted with caution, as they can differ across different 
study methods, as well as different populations and change over time.19 For example, 
a large twin study that included 37051 twin pairs from Australia, Denmark, Finland, 
Netherlands, Norway, Sweden, and the United Kingdom reported that the heritability 
estimate of exercise participation varied from 48% to 71% between these countries.20 
A longitudinal analysis of genetic and environmental influences on walking endur-
ance in 130 older female twin pairs showed that the heritability estimated to be 40% 
at baseline increased to 60% at 3-year follow-up,21 suggesting heritability estimates 
can change over time.
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28.2.2 The cotwin control design in musculoskeletal research
The cotwin control design could potentially be one of the most useful study designs 
in musculoskeletal research. Interactions between environmental and genetic factors 
play a significant role on musculoskeletal conditions.22 As a result of the interaction 
between these two, heterogeneity in the presentation and prognosis of musculoskeletal 
conditions are commonly observed across different individuals.22 Some individuals 
can genetically be predisposed more than others to various musculoskeletal injuries 
and conditions, including low back pain and osteoarthritis.23–25 For example, 
individuals carrying an allele G of IL6 SNPs rs1800795 and rs1800797 were 
found to have a higher risk of developing disc degeneration,26 suggesting some 
individuals can be more susceptible to various musculoskeletal conditions due to 
their genetic backgrounds. A previous twin study has clearly shown how genetic 
factors tend to similarly influence the health status of individuals who share their 
genetic materials.27 In that study, for example, monozygotic twins who share, on 
average, 100% of their genes, are a five times higher chance of developing low back 
pain than dizygotic twins who share half of their genetic materials when cotwin 
of each pair had previously experienced low back pain. Additionally, an increased 
risk of musculoskeletal pain has been found in people whose parents had previously 
experienced chronic musculoskeletal pain.28 Therefore, both genetic and familial 
factors affecting the heterogeneity of musculoskeletal conditions are crucial to 
be controlled in musculoskeletal research, otherwise research outcomes could 
possibly be affected by heterogeneity across unrelated individuals. However, it is 
always challenging to control genetic and familial factors of research participants, 
especially it is even more complicated to account for diverse genetic backgrounds 
of different individuals in musculoskeletal research. Genetic and familial factors 
influencing heterogeneity across study participants can be more efficiently controlled 
in musculoskeletal research by involving twins than unrelated singletons.29

28.2.2.1 The cotwin control design in noninterventional musculoskeletal 
studies
Involving monozygotic twins as participants in twin research can primarily provide 
an opportunity to investigate the risk factors or exposures to musculoskeletal traits 
or conditions independent of genetic and familial confounding factors. Additionally, 
if an association between an exposure (risk factor) and a musculoskeletal condition 
is observed, it is also important to consider whether the association is confounded 
by genetic and familial factors using the cotwin control design. The cotwin control 
design can be applied to both observational and experimental studies to investigate 
associations between exposures and outcome variables based on within twin pair 
associations. One of the criteria for the cotwin control design in noninterventional 
studies is that monozygotic or dizygotic twin pairs are required to be discordant 
to investigate what exposures or risk factors (nonshared environmental differences) 
are associated with differences in outcome measures within twin pairs.30 Involving 
monozygotic twins as participants make the design more powerful in investigating 
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exposures as monozygotic twins in a pair are almost perfectly matched for their 
genetic backgrounds, in addition to sex, age, and early shared environment.31 There 
are some interesting studies that have been conducted using the cotwin control design 
to investigate exposures in relation to musculoskeletal system. Depression, a common 
mental condition is often associated with low back pain.32 However, a previous cotwin 
control design study identified that the association between depression and low back 
found from a cross-sectional analysis of 2148 twins, including both monozygotic 
and dizygotic twins was reduced when only monozygotic twin pairs (controlling for 
genetic and familial factors) were included in the analysis.33 The authors of that study 
then suggested that familial factors influencing both depression and low back pain 
appear to drive this association.33 In both cohort and cross-sectional studies, engaging 
in moderate levels of physical activity is commonly associated with a reduced risk 
of low back pain.34 However, a cross-sectional cotwin control study has found 
that an inverse association found between meeting the World Health Organization 
physical activity guidelines and recent low back pain was no longer statistically 
significant after controlling for genetics and early shared environment.35 The authors 
of that study suggested that genetics and early shared environment potentially act as 
confounding factors for the association between physical activity and recent low back 
pain. These findings also show the benefits of incorporating cotwin control design in 
musculoskeletal research. However, very few studies to date have applied the cotwin 
control design to investigate the risk factors of musculoskeletal conditions.

Considerations of applying the cotwin control design in noninterventional stud-
ies can include the following: First, it can be challenging to find twin pairs who are 
discordant for risk factors or exposures. Second, it is crucially important to ensure 
having complete data of both twins in each pair to be able to conduct within-pair 
analyses. Third, although cotwin control studies can include dizygotic twin pairs to 
investigate risk factors or exposures, the use of such an approach makes the design 
less efficient than involving monozygotic twin pairs.31

28.2.2.2 Working with twins in randomized controlled trials
Involving twins as participants in randomized controlled trials (RCTs) could possibly 
be one of the most useful twin study designs contributing to the advancement of 
musculoskeletal research as RCTs are often referred as the cornerstone of clinical 
trials.36 In RCTs, the effect of an intervention is determined by any differences 
observed over the course of a clinical trial between the different groups. Additionally, 
confounding factors such as age and sex that can affect participants’ response are 
expected to be as similar as possible across treatment and control groups in RCTs.37 
The matching of these characteristics of participants, challenging for unrelated 
singletons, can almost perfectly be ensured by assigning monozygotic twin pairs into 
different groups in RCTs as they are identical for their genes, age, and sex. Therefore, 
the inclusion of monozygotic twin pairs who are phenotypically concordant 
makes the design efficient to determine the effect of an intervention. Additionally, 
involving the concordant monozygotic twin pairs in RCTs provides an opportunity 
to reach the desired statistical power with fewer participants compared to involving 
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unrelated singletons due to their high similarity.30,38 Two interesting studies out of 
very few musculoskeletal studies that applied the cotwin control design to clinical 
trials have shown how calcium supplementation benefits bone density.39,40 In the 
first double-blind trial that involved 70 pairs of monozygotic twins aged between 
six and fourteen showed that the randomly selected twins from each pair to take 
calcium supplementation (1000 mg) daily over three years had higher bone mineral 
density at almost all measured sites including in lumbar spine compared to the other 
siblings who were assigned into the placebo group.39 However, the beneficial effect 
of taking the supplementation was only observed in prepubescent twins.39 The second 
randomized cotwin control trial that included 42 twin pairs also used 1000 mg daily 
calcium supplementation to investigate its effect on bone mineral density over three 
consecutive 6-month periods but only in adolescent girls aged between 10 and 17.40 In 
that trial, interestingly, a greater increase in bone mineral density in the spine and hip 
was observed in twins from each pair assigned to take the calcium supplementation 
compared to the other siblings in the placebo group at the end of the first six months. 
However, the within-pair difference was no longer significant after the first six months. 
The authors then suggested the importance of identifying the optimal timing for the 
effect of calcium supplement in long-term clinical trials.40

Although monozygotic twins are commonly included in RCTs for the reasons 
mentioned earlier,38 it is also noteworthy that involving both monozygotic and dizy-
gotic twin pairs in clinical trials could contribute to better understand the importance 
of genetic influence on participants’ response to an intervention. For example, a re-
cent clinical trial has investigated whether individualized participants’ response to 
training is differed across different exercise modes along with the effect of genetic 
factors on their responses to endurance and resistant training. That study involved 
both monozygotic and dizygotic twin pairs who were randomized into the train-
ing modes.41 Individualized participants’ response was differed by different exercise 
modes and the authors suggested that individuals who fail to benefit from one type 
of exercise may respond to another type of exercise, showing the importance of an 
individualized exercise. Additionally, the influence of genetic factors on longitudi-
nal changes in muscle strength and cardiovascular fitness to resistant and endurance 
training was not found to be substantial.41 These studies show that incorporating the 
twin approach in RCTs could potentially contribute to the advancement of musculo-
skeletal research. However, the twin approach in RCTs to date has been underused, 
especially in musculoskeletal research despite its promising benefits.

The following potential caveats should be taken into account when applying 
the twin design in RCTs. First, study recruitment is challenging as both twins from 
each pair are required to be concordant phenotypically and meet eligibility criteria 
to participate in an RCT. Second, it is also crucially important to ensure both twins 
from each pair to participate during the whole study period in conducting within-
pair comparisons. Third, twins in a pair may discuss about their treatments when 
they are assigned into different groups, which can lead to treatment contamination.38 
Therefore, blinding treatment allocation can be useful to minimize the risk of treat-
ment contamination. For example, the earlier randomized cotwin controlled trial 
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successfully made calcium supplement exactly the same, in terms of appearance and 
taste, for both the treatment and placebo groups to investigate its effect on bone 
mineral density.40

Overall, we have discussed the applications, benefits, and potential considerations 
related to twin approaches in relation to musculoskeletal studies. The classical twin 
design is commonly used to estimate heritability of a trait, which helps to better un-
derstand genetic and environmental contributions to the trait of interest. The classical 
twin design has also been extended by advanced analytical approaches, such as struc-
tural equation modeling to precisely estimate heritability for musculoskeletal traits. 
However, there are critical assumptions of the classical twin design to be considered 
when estimating or interpreting heritability for musculoskeletal traits. Another im-
portant approach, perhaps the most useful in musculoskeletal twin research, is the 
cotwin control design to advance both interventional and noninterventional musculo-
skeletal studies. The cotwin control design is extremely helpful in clinical studies as 
this design can control genetic and familial factors affecting musculoskeletal condi-
tion or trait of interest by involving concordant monozygotic twin pairs. Therefore, 
incorporating these twin approaches in musculoskeletal studies can contribute to the 
advancement of musculoskeletal research.
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29.1 Introduction
Wendy Cozen and Victoria K. Cortessis

This chapter describes contributions that studies of twins have made to cancer 
epidemiology, and recent innovations in methodology for studying twins. Because 
there are over 3,000 published reports on the topic of cancer and twins, a comprehensive 
review is not feasible. Instead, we focus on unique contributions of twin studies to 
cancer epidemiology, explaining why comparable information cannot be provided 
by studies of singletons. Included topics are: 1) risk of cancer in twins compared 
to singletons; 2) patterns of occurrence of cancer in twins including concordance;  
3) studies of acquired (i.e., non-genetic) risk factors for cancer in twins;  
4) intraplacental (i.e., twin to twin) metastasis of infantile leukemia; 5) cancer 
screening, effects of treatment and survivorship; and 6) promising new approaches to 
modeling cancer risk based in studies of twins and families. We specifically excluded 
twin studies that simply confirm results initially reported in non-twin studies. Because 
readers may not be familiar with cancer research, epidemiology, modern technology 
used in genetic studies, or defined types of twins we include a brief description of 
these ideas and related terminology used in the chapter.
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Cancer is defined as an uncontrolled growth originating from a single cell that 
clones itself and acquires mutations that permit continued growth and evasion of 
the host’s immune response. Cancer is many diseases, which are distinguished by 
many factors including organ site, cell of origin, and the patient’s age at the time of 
diagnosis (childhood cancer if diagnosed at 18 years of age or younger, adult cancer 
if diagnosed 18 years and older, and a special group that overlaps both age groups 
called adolescent/young adult (AYA) cancer diagnosed at 15–39 years of age). Di-
agnosis, treatment decisions, and survival depend on the cancer type, acquired mu-
tations in the tumor, access to health care, host factors such as state of the immune 
response, and other considerations. Prevention and control of cancer and even treat-
ment strategies depend on understanding the cause of the cancer, which is the realm 
of epidemiology that uses observational, as opposed to experimental, study designs. 
Since cancer is a complex chronic disease, the causes are often a combination of both 
genetic and non-genetic causes. Individual types of cancer, even within the same 
organ, often have at least some differences in sets of causes. Twin studies have made 
a unique contribution to understanding causes of cancer, and in addition, long-term 
problems experienced by cancer survivors as outlined in the sections below.

Epidemiology is a scholarly discipline that focuses on the study of disease 
in human populations to identify patterns of disease occurrence and outcomes 
and elucidate risk factors. Epidemiologists use specialized methodologies devel-
oped specifically to conduct valid research while protecting the privacy, rights 
and wellbeing of human subjects. Frequency of disease occurrence is called inci-
dence, which in its simplest form is measured as the proportion of individuals in 
a defined population who develop the disease in a specified time. Relationships 
between suspected risk factors and incident (i.e., newly diagnosed) cancer are 
often studied by one of the three related approaches to epidemiologic research 
described this chapter.1 Conceptually simplest are cohort studies, in which puta-
tive risk factors are measured for disease-free participants who are followed over 
time to assess incidence of the disease of interest among those with and without 
each factor of interest. Results are expressed as ratios of disease incidence among 
those with the risk factor and those without, termed risk ratio and abbreviated 
RR. Case-control studies are similar, but in this study design, a history of having 
each risk factor of interest is compared between those who develop disease (i.e., 
cases) and unaffected controls, who are ideally sampled from the same source 
population as the cases. The association between a putative risk factor and in-
cident disease is estimated in case-control studies using the odds ratio, abbrevi-
ated OR, which compares the odds of developing the cancer with and without the 
risk factor. Cases enrolled in case-control studies already have the disease, and 
putative risk factors are assumed to have occurred prior to development of the 
disease; for inherited genotypes and early life exposures this is a valid assump-
tion. However, it is important to consider whether exposure in some cases may 
have occurred after the onset of the cancer (even if not yet diagnosed), because 
of the cancer. For example, some cancer patients begin to lose weight prior to 
diagnosis before the disease is recognized. In such instances caution is required to 
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assure that exposures and risk factors caused by the disease are not mistaken for 
causes of the disease. Case-control studies are most commonly used to study rare 
diseases because cohort studies of rare diseases would require that prohibitively 
large groups of disease-free participants be enrolled and followed. In the third ap-
proach, investigators enroll only individuals with the putative risk factor, estimate 
disease incidence among them, and compare it to incidence of disease in the gen-
eral population, accounting for demographic factors like age and sex. In studies 
of this type associations between putative risk factors and incident diseases are 
estimated as standardized incidence ratios (SIR).

Epidemiologic inferences about cancer causes are based partly on estimates of 
associations between putative risk factors and disease. Under ideal circumstances 
estimates of the RR, OR and SIR are expected to be greater than 1.0 if the factor is 
a cause, less than 1.0 if the factor protects from disease, and 1.0 if the factor has no 
influence at all on risk. However, limitations of individual studies can interfere with 
accuracy. For example, the role of chance (i.e., random error) must be considered. 
This is accomplished by calculating confidence intervals (CI), which depict the range 
of estimates expected if random error were the only limitation of a given study, and 
that study was conducted many times. A 95% CI denotes the range of values that 
would include the accurate (true) value in 95% of these hypothetical studies. If the 
95% CI does not include 1.0, we consider the result to be “statistically significant”, 
meaning unlikely to differ from 1.0 due to chance alone. If the study has many par-
ticipants (i.e., a large sample size), the 95% CI will be narrower than if the study has 
few participants. A narrow confidence interval is more likely to exclude 1.0 and thus 
to be statistically significant. But because twins are uncommon, and most cancers are 
uncommon, sample sizes in twin studies of cancer are often small, making it difficult 
to identify statistically significant associations. On the other hand, because twins are 
matched on so many characteristics, twin studies are less vulnerable than studies of 
singletons (non-twins) to a second type of bias called confounding. Confounding 
occurs when the putative risk factor is correlated with other risk factors that may in 
fact be true causes. A classic example is the relationship between moles, childhood 
sun exposure and risk of melanoma. The size and number of moles are determinants 
of melanoma risk. But moles are also associated with childhood sun exposure, which 
is in turn, a risk factor for melanoma. Therefore, if childhood sun exposure is not 
accounted for, it could bias the true association between moles and melanoma risk, 
making moles seem like a more important cause than they really are. Confounding 
is far less likely in twin studies because twins have identical or very similar levels 
of exposures especially related to early life, parental exposures and genetics (since 
identical twins share the same genome and fraternal twins, on average, share half of 
their genomes). In this example, twins are likely to have similar levels of childhood 
sun exposure thus removing it as a potential source of bias so that the true exposure 
of interest, moles, can be isolated.

One set of risk factors that have been extensively explored with respect to cancer 
risk are inherited differences in DNA sequence, called genetic variants. These differ-
ences are usually single nucleotide polymorphisms (SNPs), referring to differences 



488 CHAPTER 29 Contributions of twin studies to cancer epidemiology

in a single nucleotide. SNPs can now be measured efficiently and in great number us-
ing genome-wide association studies (GWAS)2 usually conducted uing case-control 
methodology, comparing SNPs of cases to those of unrelated controls. The SNP-
disease associations identified in GWAS studies are typically weak, but because the 
genetic variants are common, they can impact risk in a population. A measure called 
the polygenic risk score (PRS) is used to express the number of risk-associated ge-
notypic variants an individual has inherited, together with strength of the association 
of each variant with the disease. Humans have additional forms of genetic variants. 
For example, at certain chromosomal locations some people have more nucleotides 
than others, These genetic variants are called insertion/deletion polymorphisms, or 
‘indels’. If an indel is known or postulated to influence function of a gene it might be 
studied as a risk factor, but such studies typically investigate only small numbers of 
indels. For SNPs, indels, and other forms genetic variants, the specific set of .DNA 
sequences that a person inherited is called that person’s genotype.

Genetic variants found to be associated with risk can be categorized according to 
penetrance, defined as the probability that people who inherited the variant will de-
velop the disease of interest. Examples of highly penetrant variantss are deleterious 
mutations causing loss of function of genes such as BRCA1 and BRCA2 that mediate 
repair of DNA damage. Risk of breast cancer and ovarian cancer is very high in the 
small number of women who inherited high penetrance variants of these genes, but 
those variants are so rare that they account for very small proportions of these can-
cers among all women. It is therefore also desirable to identify more common genetic 
variants that are associated with cancer risk although with lower penetrance, as might 
be identified in a GWAS.

Epidemiologists categorize twin pairs according to several criteria, which define 
groups of twins that provide particularly worthwhile information about certain kinds 
of questions. Zygosity refers to whether twins are identical (monozygotic, MZ) hav-
ing arisen from a single egg and single sperm and thus a single zygote; or fraternal, 
like any other pair of full siblings (dizygotic, DZ), having arisen from two separate 
zygotes. Twins who are of the same sex can be either MZ or DZ, but unlike-sex twins 
are always DZ by definition. Finally, disease status of twins within a pair is called 
‘disease concordant’ if both twins developed the disease of interest, or ‘discordant’ if 
only one twin of the pair developed the disease at the time of the study.

29.2 Risk of cancer in twins compared to singletons
Thomas Mack

Because twins differ biologically from singletons, it is of interest to identify unique 
differences in risk between the two groups. Some differences might derive from the 
nature of twinning, others from biologic interactions or acquired experience. There 
are only a few twin sources large enough to permit comparisons of cancer occurrence 
in twins compared to singletons. The largest and most recent comparison of cancer 
incidence rates between twins at all ages was based on the 260,000 same-sex twins 
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and the 30,000 cancer diagnoses registered in the NorTwinCan cohort, deriving from 
linkage between the twin registries of Denmark, Finland, Norway, and Sweden, and 
the respective national cancer registries.3 The authors estimated that overall cancer 
incidence among all twins in comparison with the base population overall was almost 
identical among both males and females. Specifically, twins of both sexes combined 
had slightly lower SIRs for cancers of the kidney (SIR = 0.83; 95% CI = 0.76–0.89), 
lung (SIR = 0.89; 95% CI = 0.85–0.92), and colon (SIR = 0.90; 95% CI = 0.87–0.94). 
SIRs for malignant melanoma were also just under 1.0: 0.94 (95% CI = 0.86–1.03) 
among males and 0.98 (95% CI = 0.90–1.07) among females. The two most common 
cancers that occurred in twins occur almost exactly as frequently as in the (mostly 
singleton) population at large: breast cancer in women (SIR = 1.01; 95% CI = 1.00–
1.07) and prostate cancer in men (SIR = 1.03; 95% CI = 0.98–1.04). Other sites, 
including the leukemias and lymphomas, showed slight differences between twins 
and the general population that could be explained by chance. The single substantial 
difference identified was for incidence of testicular germ cell cancer. This cancer 
occurs mostly in adolescent/young adult men and has become more common for 
reasons that are poorly understood. Risk of this cancer was greater in twins compared 
to the general population (SIR = 1.15; 95% CI = 1.02–1.30), and the difference was 
largely attributable to MZ twins, in whom the SIR reached 1.36 (95% CI = 1.12–
1.65). Both males and females from like-sex DZ pairs have been compared to 
analogs from unlike-sex DZ pairs, showing no difference in cancer incidence, and 
thus failing to produce any evidence that in-utero hormonal influences act as major 
cancer determinants in adulthood.4

The only non-Nordic assessment of cancer incidence in adult twins was based on 
the Utah Population Database, linked to the Utah cancer registry.5 This retrospective 
cohort study found no overall difference in relative risk (RR) for adult cancers among 
twins compared with singletons. With smaller numbers, most specific cancer deviations 
(as high as 1.3 for lymphoma and 1.7 for prostate cancer) were not significantly differ-
ent from the null. However, incidence of malignant melanoma (a serious form of skin 
cancer) among like-sex twins was significantly lower at 0.53 (95% CI = 0.30–0.96).

A meta-analysis combining results of 7 studies of varying size, calendar year and 
study design examining the risk of testicular germ-cell cancer in twins compared 
with either the general population or a control group of singletons was conducted to 
improve the precision of the risk estimate.6 The authors found a consistent increase 
in testis cancer among twins summarized by a pooled risk estimate of 1.31 (95%  
CI = 1.1–1.6), consistent according to source and zygosity/gender. Since more than 
90% of testis cancers are germ cell malignancies, and since cryptorchidism (unde-
scended testis) is a consistently strong risk factor for testis cancer,7 the finding was 
interpreted as another form of the congenital malformations known to be more com-
mon among identical twins. Alternatively, some might hypothesize that this finding 
represented the influence of in utero maternal hormonal exposure.8

Evaluations of childhood cancer in twins (conventionally ages 0–14) compared to 
singletons are available from four sources; the Swedish Family-Cancer Database linked 
to the Swedish cancer registry,9 the above-mentioned linkage implemented in the Utah 
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population,5 an older comparison based on cases from the Connecticut Cancer Regis-
try,10 and a linkage between the cancer registries and birth records of five U.S. states 
(California, Minnesota, New York, Texas, Washington).11 In the Swedish databases,9 
twins experienced lower overall risk of childhood cancer (SIR = 0.81; 95% CI = 0.69–
0.94) compared to singletons, with an even larger deficit of nephroblastoma, a childhood 
cancer occurring in the kidney, (SIR = 0.34; 95% CI = 0.09–0.88). Both risk reductions 
were driven by same-sex twin pairs (overall cancer SIR = 0.77, 95% CI = 0.64–0.93); 
nephroblastoma SIR = 0.12, 95% CI = 0.00–0.71). Although the expected number was 
small, there was a deficit of bone and soft tissue sarcomas among same-sex twins. In the 
Utah databases,5 as in adults, there was a slight deficit of all childhood cancers among 
twins compared to singletons (RR = 0.82; 95% CI = 0.55–1.24), although hematopoietic 
cancers (leukemia, lymphoma), accounting for half of the total, showed a non-significant 
increase among like-sex twins at RR = 1.28 (95% CI = 0.58–2,81). Although the sample 
sizes were very small, the non-significant deficits of solid tumors were in same-sex 
pairs at 0.58 (95% CI = 0.30–1.15). In Connecticut,10 there was a 30% overall observed 
deficit of incident childhood cancers observed among twins (SIR = 0.7; 95% CI = 0.5–
0.9) compared to the base population especially among young males. A non-significant 
7% lower risk for all childhood cancers was again observed in the birth record linkage 
study of childhood cancers among twins and higher multiples compared to singletons 
in five U.S. states.11 Risk of nephroblastoma was again lower, with an OR = 0.65 (95% 
CI = 0.39–1.09). Rates for ALL, AML, CNS cancers, embryonal cell cancers as a group, 
bone sarcomas and carcinomas were nearly identical to those for singletons. Among 
multiples, the incidence rate of Hodgkin lymphoma was non-significantly lower, and 
that of non-Hodgkin lymphoma non-significantly higher than incidence rates among 
singletons. Among those younger than 2 years, the risk of nephroblastoma was even 
lower, with an OR = 0.27 (95% CI = 0.09–0.86), as was that for neuroblastoma with 
an OR of 0.46 (95% CI = 0.25–0.84). This study found, not a deficit but a greater than 
2-fold significant excess risk of soft tissue sarcomas (OR = 2.30; 95% CI = 1.12–4.69), 
mostly attributable to fibrosarcoma (OR = 5.81; 95% CI = 1.33–22.11). No clear ex-
planation for these differences nor for the deficit of nephroblastoma was forthcoming 
although unlike germ cell testis cancers, nephroblastoma appears to originate in an 
anomalous embryologic cell rest (residual embryological cells). It is possible that the 
deficit in twins occurs because in some twin pairs one or both affected members with 
more serious anomalies died before birth.

29.3 Patterns of occurrence of cancer in twins
Thomas Mack and Wendy Cozen

Cancer concordance in twins can provide a crude estimate of heritability (e.g., 
contribution of inherited genetic factors to risk), especially when concordance in 
MZ and DZ twins are compared. As previous chapters have noted, MZ twins share 
almost 100% of their genome while DZ twins share, on average, 50%, like non-
twin siblings. A caveat regarding the similarity of early childhood exposures and 
peer-mimicking behaviors (e.g., smoking), limits the interpretation of heritability. 
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Nevertheless, concordance evaluations simultaneously considering the separate 
roles of genetic inheritance, shared early environment, and separate individual adult 
environment among twins can be hypothesis-generating and can provide useful 
empirical information. Generally, assessment of twin cancer concordance rates 
requires large studies, because rates are lower than those for many other chronic 
diseases, such as asthma12 and type I diabetes.13

Each twin registry offers an opportunity for the study of the contribution of herita-
bility to disease risk, including cancers, if reliable distinctions can be made between 
MZ and DZ twin pairs, follow-up is feasible, and if it is possible to exclude biased as-
certainment of disease-concordant pairs, especially MZ pairs. This is because twins 
from pairs in whom both are stricken with cancer may be more inclined to volunteer 
for studies than pairs in whom only one twin has cancer, and this bias will be even 
more pronounced for MZ compared to DZ twins. An example of a volunteer twin 
registry used for this purpose includes The International Twin Study,14 an accumula-
tion of roughly 11,000 twin volunteers ascertained through periodical advertising 
in the 1980’s. Zygosity-specific concordance for breast cancer,15 melanoma16 and 
adolescent/young adult (AYA) Hodgkin lymphoma17 was assessed excluding pairs 
who were concordant before the time of initial ascertainment to control for differen-
tial participation discussed above. Of note, this was the first study to demonstrate the 
exceptionally high SIR for unaffected twins of MZ probands for Hodgkin lymphoma 
in adolescents and young adults, with 0.1 cases expected and 10 observed in the unaf-
fected MZ twins and is one of the largest existing collections of concordant Hodgkin 
lymphoma twin pairs (now at 15 MZ concordant pairs and 1 DZ concordant pair).

As mentioned in the previous section, the largest available body of population-
based descriptive information on twins with cancer is that from the Nordic consor-
tium of investigators, twin registries, cancer registries, and demographic resources of 
the Nordic countries: Denmark, Finland, Norway, and Sweden. In these countries, 
national databases of cancer, twins and health records exist that capture the entire 
population, circumventing potential biases inherent in volunteer registries. A publi-
cation describing the pattern of occurrence of cancer in 203,691 twins in the Nordic 
registries followed prospectively18 included the frequencies of cancer concordant and 
discordant MZ and DZ twin pairs. When combined with the cumulative incidence in 
the base (mostly singleton) population, this provides an index of the familial risk 
among MZ twins. Three useful cancer site-specific indices of interest are provided 
in this paper.18 One is the estimate of heritability based on concordance according 
to zygosity (Table 29.1), a second is an estimate of the shared environment compo-
nent of the total variance of MZ twin concordance (after exclusion of the fractions 
of covariance attributable to inheritance and individual environment) and the third 
measure is the median interval between the diagnoses in cancer concordant MZ twin 
pairs. The first index is a crude measure of the role of genetic inheritance, the second 
crudely estimates the magnitude of acquired determinants occurring from concep-
tion until the individual twins separate and the third is a measure of non-genetic 
risk factors influencing timing of diagnosis. This index, along with the proportion of 
cancer discordance among MZ twins, crudely signifies the magnitude of non-genetic 
determinants.
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The following table (Table 29.1) from Mucci et al.18 itemizes these three indices 
for a selected group of common malignancies from the Nordic registries. Of note, 
to be included in the data generating the statistics, the twins would have to have sur-
vived to age 6, which excludes some cancers diagnosed at infant and toddler ages, 
such as infant leukemia.

Differences in zygosity-specific concordance has long been used to suggest heri-
tability (problems with this assumption further discussed below in section 29.6) and 
here indicates a stronger heritable determination for melanoma, prostate cancer and 
leukemia compared to other cancers. This is supplemented by the estimated MZ 
familial risk level for prostate cancer but only modestly for melanoma, and not at 
all for leukemia. This suggests that concordance is not a very accurate measure of 
familial risk.

The cancers with a substantial shared environment contribution are oropharynx 
and lung, probably indicating a common peer-influenced teenage initiation of smok-
ing,19 and testis cancer, the only cancer on the list likely to have been initiated during 
gestation. Non-smokers show little evidence of heritability for lung cancer, whereas 
smokers do, suggesting heritability of smoking, the exposure, rather than lung can-
cer itself.20 Of these, only testis cancer shows strong heritability. One might have 
expected to also see stomach cancer showing strong shared environmental determi-
nacy, since infection with Helicobacter pylori is a cause and is acquired in childhood 
primarily from siblings.21,22 Leukemia appears to have high heritability, but this is 
hard to interpret because leukemia (and the other broad categories of blood cancers 
examined in this paper) consists of multiple types with different risk factors and 
heritability.23,24

The third index shown in Table 29.1 is of differences in onset dates among can-
cer-concordant twins. The mean interval between cancer diagnoses is almost syn-
chronous for infant acute leukemia25 (see Section 29.4) and is an average 3.7 years 
for prostate cancer. Intervals for other concordant cancer diagnoses are much longer 
and range from 7 to 12 years. The short interval between both twins’ prostate cancer 
diagnoses, together with the relatively high level of MZ concordance, indicates sub-
stantial genetic penetrance. Even so, more than 90% of the affected MZ twin pairs 
are disease-discordant, and thus either some individual adult exposure is playing a 
role (although no credible non-genetic determinants have been identified), or more 
likely, either competing causes of mortality have produced substantial twin discor-
dance by chance, or (more unlikely), a large proportion of the cancers are initiated 
and progress by chance mutations independent of both inheritance and the environ-
mentIn addition, chance mutations would not explain variation in incidence by time, 
geography or racial/ethnic group.

Despite the clinical importance of genetic variants causing different forms of 
colorectal cancer, neither the heritable nor the shared environmental influence upon 
these malignancies is very high, supporting the common view that individual life-
style and diet are important.26 From this table it appears that cancers of the ovary, 
endometrium, kidney and bladder are each moderately heritable and that there is 
little environmental contribution, however, pertinent adult risk factors are known 
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(reproductive factors,27, 28 obesity,29 and smoking,30 respectively). While heritable 
determinants or modifiers may have obscured environmental differences between 
MZ twin pairs, limitations in power and unavoidable biases in information collection 
may have alternatively played a role.

That leaves female breast cancer, the most important cancer of women, and 
one with only moderate heritability with over 180 known genetic risk variants,31, 
32 moderate influence from the childhood environment, and clear adult deter-
minants in the form of endogenous and exogenous hormones, alcohol, physical 
inactivity and sometimes radiation.33 An enduring question is whether observed 
environmental exposures have any effect other than reflecting the effect of ge-
netic modifiers.

29.4 Studies of acquired risk factors for cancer in twins
Wendy Cozen and Thomas Mack

Usual comparisons of cancer cases to similar but unrelated persons without cancer 
(case-control studies and similar studies) have provided much of what we know 
about cancer risk factors. According to the classic assumption for a valid case-control 
comparison, the control must come from the same source population as the control 
to avoid one form of confounding (alternative explanations based on differences in 
the comparison groups, see Introduction).1 In practice, this assumption is difficult 
to achieve. The advantages of using cancer discordant twin pairs for these studies 
are several-fold. First, the unaffected twin control comes from the same source 
population as the case as much as is possible (literally the same womb), and thus bias 
from related factors is largely avoided. Second, comparative questions can be posed 
that can glean information not possible in unrelated case and controls, such as who 
had menarche first? Who weighed more at 20 years? Who sucked their thumb more? 
Who drank more milk growing up? These comparative questions can be easier to 
answer than questions requiring a definitive, specific answer. In addition, comparative 
questions can be asked of both the twins in a pair, providing a quality control 
check on agreement, again not possible in unrelated sets. Finally, when comparing 
biological exposures between affected and unaffected individuals such as infectious 
exposures (antibodies), metabolites, DNA methylation, etc. confounding by genetic 
factors is reduced, to the extent that genetics contribute to the biological construct 
being measured. Below we provide several examples of unique contributions to 
knowledge of cancer risk factors from twin studies that would not have been possible 
in singleton studies.

In an example, Swerdlow and colleagues identified, enrolled and received com-
pleted questionnaires from 60 twin pairs in England and Wales who were discordant 
for testis cancer.34 Twins were asked comparative questions about growth and devel-
opment, with the resulting observation that the twin with longer arms or legs at 18 
was 2–3 times more likely to develop testis cancer than the twin with shorter arms 
or legs. More importantly, five twin pairs reported cryptorchidism in one twin and in 
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all five pairs, the cryptorchidism occurred in the case and not the unaffected control 
co-twin. Although the numbers were small, the tight matching on genetics and early 
childhood makes this observation more striking and provided early strong evidence 
that cryptorchidism was indeed a risk factor for testis cancer.

In another twin study, we35 examined early childhood risk factors in Hodgkin 
lymphoma, a rare type of lymphoma that occurs mostly in adolescence and young 
adulthood, especially in economically developed countries. (In the previous section 
we described the inferred strong heritability based on the high SIR for unaffected 
twins of Hodgkin lymphoma cases).17 We suspected that a deficit of exposures to 
microbes in early childhood was a risk factor (“too clean”), but evidence was difficult 
to obtain. In a study of 90 twin pairs in whom one twin had Hodgkin lymphoma and 
the other did not, twins were asked relative questions about which twin put more 
things in their mouth (including a pacifier, thumb or finger) as a toddler. Again, be-
cause these questions compared one twin’s behavior to the other, they were easier to 
answer than questions requiring exact answers in absolute terms. In addition, both 
twins’ answers could be compared to each other to see if they agreed. We found that 
the twin who put more items in their mouth as a toddler was 80% less likely to de-
velop Hodgkin lymphoma as an adolescent or young adult, supporting the idea that 
early exposure to more microbes was protective. Moreover, the twins agreed on the 
comparative answer over 95% of the time, a bonus of a twin study. To follow up on 
the hypothesis about microbes, we conducted a small pilot study in 13 pairs of these 
Hodgkin lymphoma discordant twins to examine the number of bacterial species in 
their stool.36 The hypothesis was that if the twin who developed Hodgkin lymphoma 
had less exposure to microbes as a young child, their gut would harbor fewer differ-
ent species of bacteria (fecal microbiome). The fecal microbiome can be examined 
by extracting DNA from stool and sequencing a segment of the bacterial genome 
(16SrRNA) that permits bacterial classification. In this pilot study, the Hodgkin lym-
phoma survivor twin had significantly fewer bacterial genera in their stool compared 
to their unaffected twin, supporting the hypothesis that a lack of microbial diversity 
contributes to risk of adolescent/young adult Hodgkin lymphoma. The twin aspect 
here is important because the microbiome is formed early in life and has a genetic 
component; thus, by using matching twins discordant for the cancer, we controlled 
for these factors.

The final example concerns breast cancer. Breast cancer is a common malignancy 
as indicated from the pattern of occurrence among twins18 and is a cancer of complex 
etiology, seemingly combining inherited, family-specific perinatal,37 pubertal,38 ac-
quired behaviors involving reproduction (fewer children, late age at first pregnancy),39  
diet,40 alcohol and tobacco,41 and hormone usage.42 These risk factors tend to cluster 
in two partially distinct etiologic pathways defined by an age at diagnosis before and 
after menopause, providing disparate causal patterns in the same cultural environ-
ment.43 We44 previously noted that risk to the MZ co-twin of a case does not gradu-
ally rise over elapsed age in parallel with other age-specific curves as expected but 
remains relatively constant from the fourth decade of life, consistent with the find-
ings from the Nordic twin resource.45
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From a case-control study46 of 759 self-described MZ and 1052 DZ female twin 
pairs, we reached three tentative conclusions: 1) comparisons between a case and 
her unaffected DZ cotwin showed many of the risk factor differences seen between 
singleton cases and controls: taller, greater body mass index (a measure of obesity), 
longer reproductive period, later menopause, more medical problems in infancy 
(most associations were enhanced with evidence of familial breast cancer history); 
2) When we compared a case to her unaffected MZ co-twin, to our surprise, none 
of these differences (including those related to puberty and endogenous hormones) 
were found, and this absence was unrelated to historical evidence of breast cancer 
in the family; and 3) Most dramatically, among MZ twins who were both affected 
with breast cancer, the twin who was diagnosed first had earlier markers of puberty 
(first menarche [onset of menstruation], first thelarche [noticeable breast appear-
ance], and earliest age at first menstrual regularity in comparison to her later diag-
nosed twin sister. In fact, we found that the twin who had earlier menarche was nine 
times more likely to be the first twin in the concordant pair diagnosed with breast 
cancer. We interpreted this surprising evidence as suggesting that the subset of MZ 
twins who become concordant are those with an exceptional inherited risk that is 
manifested by extreme susceptibility to hormones secreted at puberty. These find-
ings are now being tested in a new study conducted with a separate set of affected 
twin cases, this time with samples of DNA to see if the unusual findings depend on 
genetic risk variants.

29.5 Intraplacental metastasis of infantile leukemia
Wendy Cozen and Esther Lam

Prenatal origins of childhood malignancies have been proposed as a possible source 
of cancer development.47 The hypothesis has focused mainly on acute lymphoblastic 
leukemia (ALL), the most common childhood cancer, and to a lesser extent, acute 
myeloblastic leukemia (AML), the second most common acute leukemia. The very 
large number of case reports of concordant twin pairs with childhood leukemia in the 
literature (well over 70) prompted Mel Greaves and his colleagues to examine clonal 
origins of this cancer in twins.25 Infant and childhood leukemia are distinct etiological 
entities and are considered separately when evaluating concordance.48 Concordant 
diagnoses for acute leukemia in twins are usually synchronous, occuring very close 
in time, and there is little evidence of similarly high synchronous concordance in DZ 
twins or non-twin siblings as would be expected with high genetic susceptibility or 
shared environmental risk factors.

Moreover, leukemia concordant MZ twins almost always shared a placenta, often 
with numerous anastomoses (blood vessel connections), and therefore, shared blood 
supply. The concept of intraplacental metastasis, in which the disease originated in 
one twin and spread to the co-twin in utero via a shared placenta, was initially sug-
gested by Irving Wolman in 196249 but wasn’t further explored until 1971 when 
Bayard Clarkson and Ed Boyse further developed the idea.25 With technological 
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advances, it became clear that acute leukemia subtypes were defined by chromo-
somal translocations, where regions of one chromosome are transposed with regions 
of another, due to chromosomal instability.23 For example, infant acute lymphoblas-
tic leukemia is associated with a translocation of the short arm of chromosome 11 
with any number of chromosomal fusion partners (11q23,3 (v;11q23.3);KMT2A-
rearranged). In these types of chromosomal breaks and rearrangements, there are 
numerous possible breakpoint locations.50

Infants concordant for acute leukemia had identical breakpoints in both chro-
mosomal partners in their diagnostic malignant blasts and, when available, in both 
twins’ dried Guthrie card blood spots at birth, a highly unlikely event unless the 
malignant blasts were derived from the same clone.51 Moreover, finding the identical 
translocations in the dried blood spots obtained from heel sticks at birth demonstrates 
that these neoplastic-transforming events occurred in utero, prior to diagnosis. This 
hypothesis is now an accepted mechanism explaining the high concordance of infant 
leukemia in twins and has led to further understanding the etiology of the acute 
leukemia in singletons. Some investigators propose that neuroblastoma, the most 
common extracranial childhood cancer in children, has a similar underlying mecha-
nism,52–54 but molecular evidence has proved elusive.

29.6 Cancer treatment, screening and survivorship in twins
Esther Lam and Maryam Salehi

Advances in cancer treatments have extended survival for many patients, emphasizing 
the importance of understanding late effects of cancer diagnosis and treatment. 
Utilizing within-twin pair comparisons in pairs discordant for cancer to study the 
effects of cancer and its treatments accounts for genetic and early environmental 
influences absent in a non-twin design. Unaffected twins of cancer patients offer an 
excellent control for studies of cancer screening and survivorship. The hypothesis 
that unaffected twins of cancer patients are more likely to seek screening for that 
cancer than the general population was tested using the International Twin Study 
based at USC in Los Angeles by Richardson and Mack and colleagues. In the first 
study55 the investigators compared 591 of unaffected co-twins of breast cancer cases 
to 4000 women in a U.S. national general population sample and found that in the 
first year after their twin’s breast cancer diagnosis, unaffected MZ co-twins sought 
mammograms and physician breast exams significantly more often than women in 
the general population, and significantly more than they did prior to their twin’s 
diagnosis. However, this behavior did not last and dropped off to just slightly higher 
than pre-diagnosis baseline levels after several years, with only about 20% of the 
co-twins regularly obtaining a mammogram. Interestingly the durability was higher 
for twins whose sisters survived their breast cancer at least to the time of study 
participation. In a second study,56 the investigators examined beliefs about risk in 
672 unaffected co-twins of breast cancer cases from the same source (International 
Twin Study) and found that only half perceived that they were at higher risk 
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than the general population and most felt that they were not susceptible. Feeling 
susceptible was significantly correlated with screening behavior, consisting of 
mammogram and/or physician breast exam. Co-twins whose twin sisters with breast 
cancer were still alive were more likely to be screened. Using a subset of the same 
twins (369 co-twin sisters of breast cancer patients), the unaffected co-twins were 
randomized to an educational intervention about screening versus no intervention 
(control group).57 The intervention consisted of a notebook and video mailed to 
the twins along with reminders and both groups completed a pre- and post-test 
questionnaire on mammograms and physician breast exams. Unaffected co-twins in 
the intervention group had 12.8% and 10.3% higher rates of physician breast exams 
and mammograms, respectively, than the control group. The same study design was 
also employed to evaluate screening behavior in 83 co-twin sisters of twins with 
colorectal cancer. Prior to the colorectal cancer diagnosis in their twin, the unaffected 
co-twins were being screened by occult blood test, digital exam or sigmoidoscopy at 
the same rate as the general population, but after the diagnosis, screening increased 
15–20%, only to drop off again later. The authors concluded that for maintenance of 
regular screening, annual reminders addressing the motivating factors such as fear 
of cancer, perception of self-risk, guidelines updates, and family support should be 
sent to the co-twins.

The last paper58 reported a two-fold higher likelihood of recent skin examination 
for moles among 50,044 members of the California Twin Program when the co-twin 
had history of melanoma; the likelihood increased to three-fold among MZ twins.

Another set of studies focused on cognitive function as an adverse effect of 
treatment. Cognitive function in cancer survivors was compared to that of their 
cancer-free co-twins using a retrospective, co-twin control design.59 702 twin pairs 
aged 65 and older discordant for cancer, excluding brain cancer, were identified 
from the linkage between the Swedish Twin Registry and the Swedish Cancer Reg-
istry. History of cancer diagnosis was statistically significantly associated with an 
almost three-fold increased risk for cognitive dysfunction in long-term (>5 years) 
cancer survivors compared to that of their unaffected co-twins. The interpretation 
was limited by the absence of cancer treatment information. In a later study using a 
subset of the same sample that had treatment information,60 the researchers found 
that female cancer survivors were statistically significantly more likely to have 
cognitive impairment 3 or more years after cancer diagnosis and treatment as their 
unaffected co-twin (416 cancer-discordant twin pairs). When stratified by zygos-
ity, results were significant only for same-sex female dizygotic pairs (OR = 3.50, 
95% CI = 1.15–10.63). A 10-fold increased risk of cognitive impairment was found 
for survivors who were diagnosed with a gynecologic cancer compared to their 
unaffected co-twin, especially for those who had cancer treatment that disrupted 
ovarian functioning.

These studies show that twins have special value when examining effects of a 
cancer diagnosis and/or treatment on subsequent health or quality of life outcomes. 
The comparison with a twin, especially an identical twin, who did not experience 
these cancer and cancer treatment exposures, provides additional validity.
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29.7 A novel epidemiological approach to quantify the  
familial and non-familial, genetic and non-genetic, 
measured and unmeasured causes of variation in risk

John L. Hopper, James G. Dowty, Shuai Li, Tuong L. Nguyen

We propose a novel approach to understanding genetic and non-genetic components 
of variation in risk. This model recognizes that there is a natural upper limit to the 
variation in risk due to genetic factors, but there is no upper limit to variation in risk 
due to non-genetic factors, and therefore due to all factors.

R.A. Fisher’s seminal 1918 paper created the concept of variance components 
and applied it to estimate the variance in a measured continuously distributed out-
come (trait) attributable to (unmeasured) genetic and non-genetic causes.61 He did 
this by studying the trait associations (measured by the Pearson correlation coeffi-
cient) between relatives, including twin pairs, and thereby partitioned variance into 
components that had different and “statistically independent” mechanistic origins.

In the introduction to his paper, Fisher warned that: “loose phrases about the 
“percentage of causation”, which obscure the essential distinction between the indi-
vidual and the population, should be carefully avoided. That is, the major issue was 
the actual magnitude of the variance components, in particular the genetic variance, 
not a percentage or proportion. Fisher also abhorred the concept of “heritability” as 
a proportion and referred to it as having a “hotch-potch” of a denominator.62 The 
breakthrough by Fisher was showing that the genetic variance would be transmitted 
to future generations and thereby maintained in the population, a fundamental step 
in reconciling Mendelian inheritance for binary traits with the genetic inheritance of 
continuous traits.63, 64

29.7.1 Variance of Age-specific Log Incidence  
Decomposition (VALID)
Variance of Age-specific Log Incidence Decomposition (VALID) is a model that can 
be used to decompose the familial, genetic and non-familial variance in risk. Risk 
can be defined as the age-specific log (incidence) if disease is seen as a dynamic 
process,66, 67 but it could also be defined as the log (odds ratio) for studying risk to 
a given age,68 or log (lifetime risk).69, 70 Here we will focus on log (incidence) and 
allow it to be age-dependent, but the model can in essence apply to both situations.67

We assume that the relationship between a risk factor (which might also be a 
composite of risk factors) for a disease outcome can be viewed as a risk score which 
has a normal distribution in the population, and for which risk increases multiplica-
tively as the score increases. These characteristics have been observed for polygenic 
risk scores (PRS)31 (see Introduction) and for other risk factors (at least once they 
have been suitably transformed). The risk score can be measurable or hypothetical. 
While this model might not represent reality for every risk factor, as a model for com-
paring combined risk factors (e.g., by familial versus non-familial or genetic versus 
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non-genetic), it appears to be a useful approximation to reality based on empirical 
evidence for measured genetic and non-genetic factors, at least for some diseases like 
breast cancer.

29.7.2 Measuring risk discrimination
The strength of the risk score, in terms of its ability to differentiate cases from 
controls on a population basis, can be assessed by the log odds ratio per standard 
deviation of the risk score. The risk score is the residual of the risk factor after it has 
been adjusted for age, sex, and perhaps other potentially confounding risk factors 
(OPERA)71, 72 and should be standardized to have zero mean and unit variance for 
the population to which inference is being made. Note that one should not use the 
odds ratio per unadjusted standard deviation, as is unfortunately common practice 
when calculating the “odds per standard deviation”.

There is a simple relationship between ∆ = log (OPERA) and the AUC given by

 AUC = Φ ∆( ),2  (29.1)

where Φ is the cumulative standard normal distribution; see Supplementary Material 
in.70 Note that ∆ = log (OPERA) is the difference in the mean of the risk score 
between cases and controls, and is also referred to in different ways in different 
disciplines, such as by Cohen’s D in psychology.73

The log (incidence) has variance

 σ2 2 2
= = ( ) ∆ log OPERA  (29.2)

and is equal to the difference in means between cases and controls on the log 
(incidence) scale.

29.7.3 The familial risk ratio caused by the familial aspects  
of a risk factor
For a relative of a particular type, rel, let the familial risk ratio FRRrel = the risk of 
disease for the relative of an affected person relative to that for the same type of 
relative of an unaffected person. Then a risk factor whose standardized risk score 
above has a risk gradient of ∆ = log (OPERA) will generate a

 FRRrel rel= exp( )r ∆2  (29.3)

where rrel is the correlation in the risk score for the given set of relatives.
This expression was in effect derived by Aalen66 under the assumption of a 

multiplicative risk and a rare disease and shown to hold empirically for breast can-
cer under a more generalized logistic risk model by Hopper & Carlin.68 Clayton67 
explicitly presented this equation and proved it for both the multiplicative and 
logistic risk models. As such, we consider this a Fundamental Equation in Genetic 
Epidemiology. It forms the basis of our model as it allows prediction about a fa-
milial risk factor, measured or unmeasured, to be interpreted in terms of disease 
association between pairs of relatives, such as twins pairs.
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Note also that, from (29.1), (29.2) and (29.3),

 AUC FRRrel rel= ( ) ) { }Φ log /
/

2
1 2

r  (29.4)

If only genetic factors cause familial risk, then for first degree-relatives

 AUC FRRrel

/
= ( ) { }Φ log

1 2
 (29.5)

Therefore, under this assumption, if the FRR for first degree relatives is 2, then 
AUC = 0.8 and ∆ = 1.2, whereas if it is 1.5, AUC = 0.74 and ∆ = 0.9.

29.7.4 Modeling the familial causes of variance in risk
Following the classic twin model including its assumption of equal shared 
environments, which maximizes the genetic component of variance, suppose that 
the variance in risk (either defined as log (incidence) or logit (cumulative risk)) can 
be decomposed into an additive genetic component (A) and a shared environment 
component (C). Therefore, the risk score represents the effects of one or more 
germline genetic factors so that rrel can be modelled in terms of the kinship coefficients 
following Fisher61 and subsequent expansions and modifications.74

For MZ twin pairs, for all intents and purposes rrel = 1.
For DZ twin pairs and siblings, then

 rrel A C A C= +( ) +( )0 5. /  (29.6)

If instead of C it is hypothesized that there are non-additive genetic effects at 
multiple loci which induce a dominance variance D, then

 rrel A D / A+D= +( ) ( )0 5 0 25. . ,  (29.7)

This model can be extended to other relatives, and C could be modelled in terms 
of the extent to which the pairs of relatives cohabit, have cohabited, and have lived 
apart.75–78

29.7.5 Application of variance of age-specific incidence 
decomposition (VALID)
As in Hopper & Carlin,68 we will consider breast cancer, except that this time we 
will model variance in age-specific log (incidence) rather than variance in logit 
(cumulative risk).

29.7.5.1 (i) Unmeasured familial factors
First, we consider unmeasured familial factors using twin pair disease associations 
estimated by the Nordic Twin Study45 which takes into account the temporal nature 
of these large, combined, population-based family cohorts in a way that was lacking 
in an earlier publication.79

Column two of Table 29.2 shows that the FRR for MZ pairs ranges from 5.91 
before age 50 to 2.04 after age 90, so column four shows that the maximum variance 
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goes from 1.78 to 0.71, given that the MZ covariance and rrel = 1. Column eight 
shows that the maximum AUCs that could be achieved from knowing all familial 
factors, and therefore all germline genetic factors, goes from 0.83 to 0.72 over these 
age ranges.

Under the classic twin model, column four shows that the variance of the additive 
genetic component (A) steadily decreases from 1.04 to 0.39, and column five shows 
that the variance of the shared environment component (C) also steadily decreases 
from 0.74 to 0.33. Therefore, the total familial variance goes from 1.78 to 0.72. Note 
that the ratio of these two components to one another, A:C, goes from 1.41 to 2.61 
to 1.10 to 2.54 to 1.96 to 1.79 and 1.18, showing no evidence for a simple trend with 
age. Therefore, about two-thirds of the familial variance is attributed to genetic fac-
tors and one-third to environmental factors shared by twins.

29.7.5.2 (ii) Measured familial factors
The OPERA for the current best breast cancer polygenic risk score (PRS) is log 
(1.65) = 0.50 so the variance explained is 0.25.31 Although the strength of this 
association appears to be similar across all ages, given the familial variance 
decreases with age (see Table 29.2) the proportion of familial risk explained 
by the PRS decreases with age. Given that for MZ pairs, the correlation in the 
PRS = 1, this PRS explains 0.25/1.78 = 14% of variance before age 50, increasing 
to 0.25/0.78 = 32% of variance after age 90.

Mammographic density adjusted for age and body mass index is a familial breast 
cancer risk factor that has a correlation of about 0.6 for MZ pairs and about 0.3 for 
DZ and sister pairs.80,81 The risk gradient has an OPERA of about 1.5, so that it is 
associated with a variance in log (incidence) of about 0.16, of which 0.10 would be 
familial and 0.06 non-familial cf. 0.25 for the polygenic risk score above.

TABLE 29.2 Familial Risk Ratio (FRR), twin pair covariance in log (inci-
dence), additive genetic (A) and shared environmental (C) components of 
variance in log (incidence), and maximum area under the receiver operating 
characteristics curve (AUCmax) based on data from the Nordic Twin Study of 
Breast Cancer.45

Age

FRR log (FRR)

A C AUCmaxMZ DZ MZ DZ

<50 5.91 3.51 1.78 1.26 1.04 0.74 0.83
50-60 4.93 2.77 1.60 1.02 1.15 0.44 0.81
60-70 2.98 2.24 1.09 0.81 0.57 0.52 0.77
70-80 2.5 1.8 0.92 0.59 0.66 0.26 0.75
80-90 2.15 1.67 0.77 0.51 0.51 0.26 0.73
90+ 2.04 1.68 0.71 0.52 0.39 0.33 0.72

Approximate confidence intervals that are symmetric on the FRR scale are presented in Moller et al.45
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A large number of risk factors have been identified from questionnaire data, such 
as number of live births, age at menarche, age at menopause, weight, height, etc. 
The risk gradients for these are modest, with OPERAs in the range of 1.005 to 1.2.71 
There is, of course, error because easily obtained measurements and simple ques-
tions and recall are only surrogates for the true causes. These risk factors also are 
correlated in relatives, some only modestly due in part to theerror above. Therefore, 
these risk factors generate both familial, as well as mostly non-familial, components 
of variance. However, while the variance in log (incidence) from non-familial risk 
factors appears to be small compared with that due to known – let alone unknown – 
familial risk factors, there is no natural upper limit. Greater specificity of exposures 
will increase the variance due to known non-familial factors, as is being found for 
the mammogram-based risk factors discovered from digital mammography using ar-
tificial intelligence.82

29.8 Summary
For binary traits, such as having a cancer diagnosis, the natural scale on which to base 
genetic and environmental variance decomposition is the log (incidence), or the log 
(odds ratio) based on cumulative incidence e.g., to a specific age. There is an upper 
limit to the amount of genetic risk discrimination across a population and it is based 
on the disease association for MZ twin pairs. There is no such upper limit to non-
genetic causes of variation,83 so the concept of heritability as a percentage based on 
genetic variance divided by total variance in flawed. Moreover, familial risk ratio for 
cancer is typically highly age-dependent so the risk discrimination at a given age due 
to genetic and other familial factors differs substantially with age. This observation 
alone has profound implications for screening and risk reduction strategies, and for 
understanding the etiology of cancers which are typically multi-factorial diseases. We 
have demonstrated above how to apply the Variance of Age-specific Log Incidence 
Decomposition (VALID) model to understand the measured and unmeasured, familial 
and non-familial aspects of cancers, other diseases and conditions.
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30.1 Introduction
Neurodevelopmental disorders (NDDs) describe a wide range of disabilities of 
motor function, cognition, behavior or communication impairments, and psychiatric 
disorders resulting from dysfunction in the growth or development of the brain. 
Common NDDs include communication disorders such as autism spectrum disorder 
(ASD), attention deficit hyperactivity disorder (ADHD), intellectual disability; motor 
disorders such as developmental coordination disorder and cerebral palsy (CP); 
and other genetic disorders such as Rett syndrome or epilepsy. These conditions 
are likely to have an onset in early childhood and symptoms can range from 
developmental deficits affecting specific learning and control of executive functions, 
to global impairments of social skills or intelligence. Epilepsy can also be associated 
with increased morbidity and mortality with stigmatizing social and psychological 
repercussions. Early diagnosis is often difficult given the symptoms and behaviors of 
neurodevelopment often evolve, as the child grows older.

NDDs are complex and in the past decade, there has been substantial progress in 
their diagnosis and classification. In 2014, the Diagnostic and Statistical Manual of 
Mental Disorders, Fifth Edition (DSM-5) (American Psychiatric Association, 2013) 
classified NDDs based on adaptive functioning instead of intelligence quotient (IQ) 
scores.1,2 Communication disorders were classified as a separate entity and motor 
disorders were reorganized. The classification system also reflects a developmental 
approach to the classification of each of the disorders. The global burden of disease 
study in 2016 (GBD 2016) reported that although the burden of mortality among 
children younger than 5 years decreased by half between 1990 and 2016, there was 
no corresponding improvement in nonfatal health outcomes among children with 
developmental disabilities globally.

https://doi.org/10.1016/B978-0-12-821514-2.00032-5
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Genetics has always played an important role in neuroscience research and great 
progress has been made to understand the inheritance patterns of NDDs. Such stud-
ies have advanced considerably, from detecting chromosomal abnormalities such as 
aneuploidy and microdeletions, to single gene defects and those with complex aetiol-
ogy.3 The advances in genetic technologies over the years demonstrate not just the 
range of genetic abnormalities associated with phenotypes, but also the complexity 
and variability of NDDs. With the advent of high throughput sequencing technolo-
gies, many causative genetic variants have been identified in individuals with NDDs. 
However, it is not clear whether only a relatively small number of common genetic 
variants are linked to the aetiology of NDDs, or if a large number of rare genetic vari-
ants are involved. Genetic risk scores for NDDs account for only 10% of phenotypic 
variance.4 Teasing apart the complexity of genetic patterns of inheritance of NDDs 
largely involves twin and family studies that establish the magnitude of genetic and 
environmental components. Such studies provided considerable success in evaluat-
ing risk factors at disease-specific loci and genes.

30.2 The role of epigenetics in 
neurodevelopmental disorders
In 1942, Conrad Waddington coined the term “epigenetics” which literally means the 
layer (of regulation) above genes.5 Waddington also hypothesized that epigenetics 
can respond to the environment. Studies attempting to understand the epigenetic 
mechanisms involved in the mediation of environment in development have been 
increasingly common in recent years. Epigenetics is also influenced by genetics and 
individual stochastic factors. The definition of epigenetics has evolved over time with 
some examples being “the study of changes in gene function that are mitotically and/
or meiotically heritable and that do not entail change in DNA sequence”6 and “the 
structural adaptation of chromosomal regions so as to register, signal, or perpetuate 
altered activity states.”7 Each definition reflects a different aspect of epigenetic 
function.

30.2.1 The developmental origins of health 
and disease (DOHaD) hypothesis
Abnormalities that originate from environmental exposure in early life relate to 
maternal factors such as nutrition, stress, infections, alcohol, drugs, cigarette smoke, 
and some of these may affect embryonic development. David Barker in the 1980s 
found that the incidence of adverse outcomes, such as cardiovascular diseases, in 
individuals born with a low birth weight, was higher than those with a birth weight 
in the normal range. He hypothesized that low birth weight was due to a developing 
fetus adapting to its environment, which included low levels of fetal nutrients.8 Barker 
also hypothesized that the adaptive response in the fetus would channel essential 
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nutrients to the development of the key organs such as the brain, while neglecting 
the development of other organs such as heart, causing in utero growth restriction 
and leading to higher chances of chronic illnesses of adulthood such as diabetes.8–10 
Low birth weight has been linked with neurocognitive outcomes in childhood, such 
as behavioral problems,11 poor cognitive, language and behavioral skills,12 as well 
as lower cortical surface area and volume in adolescence.13 This was similar to the 
earlier “thrifty genotype” hypothesis by Neil, who proposed that in a food-scarce 
environment, the fetus would adapt to the low food environment by selecting “thrifty 
genes, enabling the child to survive in a food scarce situation in future.”14 However, 
food may be in abundance in later life stages, and the child’s body may not be able to 
adapt to such an environment, leading to diabetes and related health complications. 
This adaptive mechanism was later termed the “Barker Hypothesis” then the “Fetal 
Origins Hypothesis” and is now known as the “Developmental Origins of Health 
and Disease (DOHaD)” hypothesis. Epigenetics is one of the main factors that may 
explain the DOHaD concept.

30.2.2 Epigenetic mechanisms
Understanding epigenetics, the “switch” that turns genes on and off, will help to 
identify how the environment brings changes to the genes that confer disease 
risk. There are many epigenetic modifications, the best-understood being DNA 
methylation. DNA methylation is the addition of the methyl molecule (CH3) to the 
cytosine-guanine (CpG) dinucleotide of DNA by DNA methyltransferase (DNMT) 
enzymes.15,16 DNA methylation state differs between cell types and tissues and its 
difference between individuals may account for variation in gene expression that 
may play a role in the expression of certain phenotypes.

Histone modification is another epigenetic mechanism that affects gene expres-
sion, by modifying the chromosome structure and function. Histones are proteins 
found in the eukaryotic cell that help in packaging and ordering DNA into structural 
units called nucleosomes. Histones undergo post-translational modifications such 
as acetylation, methylation, phosphorylation, ubiquitylation, and sumoylation. The 
changes to histone modifications lead to changes in chromatin function and therefore 
gene expression.17,18 Noncoding RNA (ncRNA) molecules are also known to be in-
volved in epigenetic regulation.

Epigenetic modifications in disease phenotypes can be due to genetic, develop-
mental, or environmental factors but the exact contributions are unknown in most 
disorders. Importantly, many studies have shown that prenatal environment can in-
fluence epigenetic state, which is in turn related to risk for chronic disease.19 Fur-
thermore, such epigenetic states have been shown to be maintained for many years 
after an initial environmental event, examples of which are famine, maternal nutri-
ent intake, and their links with obesity and heart disease.20,21 Studies in animals 
have shown that disease-associated epigenetic state can be reversible after birth.22 
This information has huge implications for addressing human disease, namely that 
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epigenetic assays could be used to supplement other biomarkers to assist with (1) 
diagnosing chronic diseases; (2) assessing risk in very early childhood before onset 
of overt symptoms, and (3) designing therapeutic interventions.

Epigenetic state has been implicated as both a mediator and potential biomarker 
for neurodevelopmental diseases,23 though these have been less well studied than 
other chronic diseases.24,25 DNA methylation has been shown to be important for 
all aspects of brain development, homeostasis, plasticity, and response to injury.26 
Prenatal damage to the growth and development of the brain can result in serious 
neurological disorders. Understanding the underlying disease mechanisms and the 
development of potential biomarkers are key to better prediction and early diagnosis 
of such chronic conditions. Genetics play an important role in understanding the 
inheritance patterns of such disorders (discussed elsewhere in this book). However, 
there is increasing understanding that these disorders, like other chronic conditions, 
result from a combination of genes, environment, and developmental variation, the 
latter two being most prominent in early life.

30.3 The role of twins in studying epigenetics of NDDs
The study of twins offers a new opportunity to analyze the role of epigenetics in 
phenotypic variation because genetic variability within identical (monozygotic, 
MZ) twins is rare or absent.27,28 MZ twins develop from one zygote that splits into 
two during the first few days of life, while dizygotic (DZ) twins develop from two 
different eggs fertilized by two separate sperm. The mechanisms of MZ twinning are 
not fully understood; however, it has been hypothesized that the time at which MZ 
embryos separate determines the development of each embryo and affects growth 
and development.29

30.3.1 Twin models
Twins can be valuable in understanding the importance of genetic and environmental 
influences on complex trait variation. Twin models such as the ACE model involved 
estimating proportion of variance due to additive genetic effects (A), common or 
shared factors (C), and nonshared or unique factors (E) for a given phenotype. 
Nonshared factors refer largely to the fetoplacental unit where there may be 
differences in placental size, morphology, location of cord insertion, blood flow, 
infection, etc., between the twin pairs. This nonshared environment can also include 
the normal developmental noise that would be different between twins. In chronic 
diseases, while the A (genetics) stays equal in MZ twins and the C (shared factors) is 
relatively small in size, the largest variance is from the nonshared factors.30 Another 
twin model is the comparison of discordant MZ twins, called the cotwin control 
model. It is a powerful tool that can aid in the detection of biomarkers for various 
disorders, as it controls for shared genetic and shared environmental factors, enabling 
focus on nonshared factors as mechanisms to explain the disease discordance.
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30.3.2 The use of twin models in epigenetic studies
An epigenome-wide association study (EWAS) is an analysis of genome-wide set 
of quantifiable epigenetic marks, such as DNA methylation, to identify associations 
between epigenetic variation and a phenotype of interest. EWASs have big 
implications for addressing human disease.

EWASs utilizing MZ twins offer greater power than studies of singletons, given 
the possibility of discordant MZ cotwin studies.27,31 The advantage of using MZ 
twins is that they are perfectly matched for age, genetic background, sex, and fam-
ily environment. The within-pair differences can be analyzed for an association to 
biological pathways that may contribute toward their discordance. Such studies also 
allow exploration of nonshared environmental influences on twins during early life. 
A wide variety of within-pair epigenetic and gene expression differences have been 
reported, indicating the role of stochastic and environmental factors in utero and in 
early life.27,32–34

In paediatric-onset NDDs such as ASD, ADHD, CP, and epilepsy, where the con-
ditions are heterogeneous and disease mechanisms involved are complex,35,36 the 
discordant cotwin control model is valuable to understand the epigenetic landscape 
of disease discordance. The next few sections will describe epigenetic studies using 
twins in common NDDs.

30.4 Epigenetic twin studies in autism spectrum disorder
ASD is a complex and heterogeneous disability that impacts social communication 
and behavior.37 It was first described in the 1940s as a condition in which children 
lacked interest in other people.38 Its definition has since been broadened and 
diagnosis of ASD is dependent on three major deficits: impaired communication 
skills, impaired social skills of interaction, and repetitive or restricted patterns of 
behavior.39 As with all mental or psychiatric disorders, ASD often co-occurs with 
other NDDs such as intellectual disability, ADHD, anxiety disorder, etc.40,41 The 
average age of diagnosis of ASD is four years, although in some cases it can be 
diagnosed at two years.42 ASD has a higher prevalence in males than females with a 
ratio of approximately 4:1.43,44 While an increasing prevalence can be attributed to 
improved characterization of ASD over the years,45 an increase in environmental risk 
factors associated with the disorder cannot be ruled out.

The degree of variation in ASD phenotype caused by genetic variation has been es-
timated at between 40% and 90%.46 However, like all other human complex diseases, 
it is likely caused by a combination of genes and environment. Regulation of DNA 
methylation is of growing interest in the pathophysiology of NDDs such as ASD, 
in order to capture trends that may help assist in creating methylation biomarkers. 
However, high levels of variability between individuals make it difficult to compare 
studies and replicate results. Few studies have investigated the role of DNA methyla-
tion on the landscape of ASD especially using twins as a study design. Wong and col-
leagues performed an EWAS using MZ twins discordant for ASD (N = 50 MZ twins, 
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six discordant for ASD, individuals from the Twins’ Early Development Study, with 
a mean age of 15 years).47 This study reported differentially methylated CpGs corre-
sponding to the nuclear transcription factor Y gamma (NFYC) gene, with ASD cases 
having 8% higher DNA methylation compared to cotwin controls. Other genes iden-
tified as differentially methylated included dual-specificity phosphatase 2 (DUSP2) 
gene, with 5% lower methylation on average in ASD cotwins. This gene had previ-
ously been identified as a target of microRNAs misregulated in ASD.47

Wong et al. also evaluated probes associated with the scores of social, traits of 
communication, and repetitive behaviors and interests. DNA methylation at multiple 
CpG sites correlated with “Childhood Autism Spectrum Test” scores, including one 
in the putative promoter of the neurexin 1 (NRXN1) gene previously associated with 
ASD.47

Another recent EWAS was performed on samples from five pairs of ASD-
discordant MZ twin pairs from the Children Development and Behavior Research 
Centre, Harbin Medical University, China, mean age 4 years). This study identi-
fied over 2000 differentially methylated genes, which were predominantly involved 
in the activation of the neurotrophin signaling pathway.48 They also identified and 
validated significant methylation difference in the SH2B adaptor protein 1 (SH2B1) 
gene in ASD-discordant MZ twins than in ASD-concordant MZ twins as well as in a 
case-control cohort. This gene is located in one of the common chromosomal abnor-
mal regions reported in autism where microdeletions were linked to developmental 
delay.49

Understanding DNA methylation is imperative to understanding the biological 
pathway underlying ASD, which may allow the development of early intervention 
biomarkers.

30.5 Epigenetic twin studies in attention-deficit 
hyperactivity disorder
ADHD is a NDD that relates to the delay in brain maturation and is characterized by 
attention deficit, impulsivity, and hyperactivity.50 It is the most common psychiatric 
disorder in childhood and adolescence, affecting 5%–8% of school-age children.51,52 
The behavioral attributes of ADHD may continue into adulthood with a prevalence 
of 4%–6%,53,54 associating with a range of long-term impairments such as risk of 
depression, substance use disorders to psychiatric comorbidities.57–62 Two recent 
population-based studies revealed that 60%–90% of adults with ADHD had no 
history of ADHD from their childhood assessments.55,56 Twins, family, and adoption 
studies have suggested ADHD has a high genetic component and estimated to be 
around 70%–80%.57,58 However, the exact underlying mechanisms of ADHD are 
poorly understood, and this leads to a reconsideration of the developmental course 
and study design for ADHD.

To date, DNA methylation studies relevant to ADHD diagnoses or symptoms have 
been limited and with very little replication between analyses. Diagnoses of ADHD 
also differ between studies as there are varying symptoms found among children 
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with ADHD. There have been five studies on candidate genes approach primarily 
focused on genes related to dopamine function that suggests that their deficiencies 
impact ADHD development.67–72

The first EWAS meta-analysis of ADHD symptoms in twins was in three popu-
lation-based adult cohorts: The Netherlands Twin Register (NTR, 2258 samples ob-
tained from 2232 individuals from twin families, mean age 37 years), the Dunedin 
Multidisciplinary Health and Development Study (N = 800, unrelated individuals, age 
38 years), and the Environmental Risk Longitudinal Twin Study (E-Risk, N = 1631 
twin pairs, 56% MZ twins and 44% DZ twins, age 18 years).59 In this study, DNA 
methylation was assessed in peripheral blood, and the authors identified six nonover-
lapping differentially methylated regions (DMRs) in distinct subregions of the major 
histocompatibility complex (MHC), three in each of the NTR and Dunedin studies. 
The top DMR, in the MHC region, for the Dunedin study is part of the complement 
component (C4) gene family, C4B, C4A, which have been previously associated with 
schizophrenia.60 In addition, CpGs associated with exposure to smoking were identi-
fied in the nonoverlapping DMR from the NTR and in five DMRs from the Dunedin 
study. In contrast, no significant ADHD associations were found in the E-Risk study.

A small-scale EWAS (N = 14 ADHD-discordant MZ twin pairs, peripheral blood 
DNA, median age 10.9 years) on children was performed by Chen and colleagues in 
2018.61 The authors focused their study on neuroanatomical, epigenetic, and genetic 
differences related to discordance for ADHD within MZ twin pairs.61 Discordance 
for ADHD was correlated with the dimensions of deep brain structures (striatum) 
and the inferior or posterior cerebellum. Epigenetic differences were also identified 
in genes expressed in these “discordant” brain structures. Specifically, 68 of the 173 
differentially methylated probes were enriched in shore and shelf regions (regions 
0–2 kb and 2–4 kb from CpG islands, respectively) and 67 differentially methyl-
ated probes were enriched in enhancer regions (cis-regulatory regions of DNA). The 
affected twins had a significantly smaller right striatum and thalamus, and a trend 
toward a larger cerebellum in ADHD. The in vivo neuroanatomical imaging showed 
similar finding in studies of MZ twins discordant for autism,62 Alzheimer’s,63 and 
schizophrenia.64,65 Several genes previously associated with ADHD were also identi-
fied, such as myeloid ecotropic integration site homeobox gene MEIS2, which had in-
creased methylation in ten of the affected twins66 and the vasoactive intestinal peptide 
receptor 2 VIPR2 gene, which had higher DNA methylation in three affected twins.67 
EWAS of ADHD has been promising but large and consistently phenotyped cohorts 
of MZ twins are needed to identify and increase the power for EWAS in ADHD.

30.6 Epigenetic twin studies of dimensions  
of cognitive development
Cognitive function is commonly assessed in individuals with NDDs and is conceptualized 
in domains of functioning. Examples of domains include sensation, perception, motor 
skills and construction, attention and concentration, memory, executive functioning, 
processing speed, and language or verbal skills.68 Low performance in some or all 



516 CHAPTER 30 Epigenetic studies of neurodevelopment in twins

of these domains is associated with a range of cognitive impaired disorders, such as 
dementia, intellectual disability, and the NDDs already introduced in this chapter. 
Individual differences observed in cognitive development can be associated with a 
combination of genetic and environmental factors. Influences from these factors can 
vary across cognitive domains and age.

There are emerging EWAS analyses that have used discordant-twin model to in-
vestigate associations of DNA methylation and various domains in cognitive assess-
ments. To date, published results of these within-pair analyses have been quite var-
ied, ranging from no evidence of associations to suggestive identification of multiple 
candidate genes and biological pathways. Three papers69,70 have analyzed associa-
tions between general cognitive scores and DNA methylation data from the Middle-
Aged Danish Twins (MADT) (N = 2298, mean age = 56).71 General cognitive com-
posite scores in this cohort were computed based on six tests, which looked at verbal 
fluency, immediate word recall, delayed word recall, processing speed, attention, 
and working memory. The earliest paper (N = 486), by Starnawska and colleagues,70 
showed no evidence of the association between blood DNA methylation age and 
cognitive abilities in the MADT cohort. The second paper (N = 486), showed that a 
change in cognitive scores over 10 years was associated with AGBL4 and SORBS1 
DNA methylation.69 The former is important for neuronal survival,72 and the latter 
is associated with Alzheimer’s disease.73 In the third and recent analysis integrating 
of EWAS and transcriptomic data (N=452), the study reported enriched gene sets 
related to “neuroactive ligand–receptor interaction,” “neurotrophin signaling,” “Al-
zheimer’s disease,” and “long-term depression.”70

Several EWAS have focused on various memory domains of the cognitive test 
using the discordant-twin model. A DNA methylation dataset from the Older Aus-
tralian Twins Study was analyzed in two papers, one looking at verbal memory 
(N = 623, mean age of 65)74 and the other episodic memory (N = 24, mean age of 
75).75 The former reported no evidence of any associations with DNA methylation. 
However, the latter showed suggestive evidence of association with DNA methyla-
tion within the apolipoprotein A1 (APOA1) gene, which has been linked with mild 
cognitive impairment.76 In an adult Spanish twin cohort (N = 48, mean age 37.8), 
DNA methylation of insulin-like growth factor 2 binding proteins 1-3 (IGF2BP1-3) 
was reported to be associated with working memory. The same research group have 
also shown that polymorphic variation in DNMT3B, a gene that plays a role in DNA 
methylation, was linked to different magnitudes of MZ within-pair IQ discordance.77

DNA methylation levels of within the dopamine receptor gene DRD4 were re-
ported to be associated with short-term memory in children twin cohort from Ari-
zona (N = 48).78 In addition, more dopaminergic genes such as COMT, DBH, DAT1, 
DRD1, and DRD2 were reported to associate with observed MZ within-pair differ-
ence in response inhibitory control.78 This is an important finding because dopamine 
has been implicated in various domains of cognition.79

Though there are no overlaps of candidate genes across these studies, a com-
monality is observed in the cognitive-related roles of these identified genes. Also, 
cohorts of different mean ages were investigated, mostly focused on adults and older 
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twins, with only one on children. As cognitive function is time- and domain-specific, 
further studies are warranted to better understand the role of epigenetics in cognitive 
functioning. Nevertheless, the current studies to date have set a strong platform to 
suggest the importance of epigenetics regulation in the development of cognition in 
every stage of life.

30.7 Epigenetic twin studies in cerebral palsy
CP is a clinical description of a group of heterogeneous motor impairment syndromes 
resulting from lesions or anomalies of the brain. They are usually nonprogressive but 
can still undergo changes in the severity through life. The condition generally arises 
in the early stages of development and is therefore considered to most likely have 
causes occurring in utero.80 CP is the most common physical disability occurring 
in childhood81 and preterm infants are at a higher risk of the disease.82 CP risk is 
diagnosed between 1 and 2 years of age, on average, as the symptoms of this disorder 
are heterogeneous in nature thereby making it hard to define early. Primarily, CP 
affects movements and posture limiting physical capabilities. It can often also be 
accompanied by difficulties in sensation, perception, cognition, communication, and 
behavior as well as secondary musculoskeletal problems.80

It was once considered that all children with CP were either born premature or 
had a difficult labor associated with neonatal asphyxia. These events were considered 
to be directly linked to the sole cause of CP but are now considered to be risk fac-
tors in the development of CP.83 Other demonstrated risk factors include intrauter-
ine infection, changes in maternal blood pressure, and conditions associated with 
increased clotting.84 Declining gestational age is another important risk factor for 
CP. Along with an early gestational age at birth; CP is 50% more likely to develop if 
associated with white matter injury or other brain injuries.85 Perinatal factors such as 
chorioamnionitis (intra-amniotic infection) or other evidence of perinatal inflamma-
tion; transient hypothyroxinaemia (low maternal thyroid hormone levels) have been 
associated with the development of CP in premature infants. However, whether these 
factors act via brain damage or whether a direct link exists, is unclear. Like other 
NDDs, CP is also considered to have both a genetic and environmental influence 
although the extent of the influence of each is not clearly understood. Twin studies 
addressing the biological mechanisms of CP are not generally considered to repre-
sent the true cause of the disorder as factors associated with gestational age at birth 
influences CP82,86. Twins in general have a shorter mean gestational age at birth than 
singletons and have higher chances of preterm delivery. There have been a number of 
cases where the prevalence of CP is higher in twins compared to that of singletons, 
after adjusting for gestational age.87

While studies have indicated single nucleotide polymorphisms and copy number 
variations to be linked to CP, there is growing evidence that risk for CP is medi-
ated by epigenetic mechanisms.88 Dysregulation of methylation capacity and folate 
single- carbon metabolism has been reported in children affected with severe CP.89 
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Folate or single-carbon metabolism provides the carbon substrate (methyl group) 
required for DNA methylation. Several studies have looked at DNA methylation 
patterns in CP-affected and unaffected individuals to attempt to create a diagnostic 
biomarker that would allow for early intervention.90 A major limitation, however, of 
such studies is the limited sample size and heterogeneous cohorts.

Twin studies provide more power to detect small differences compared to single-
tons when sample sizes are low. A recent EWAS (N = 15 CP-discordant twin pairs, 
Victorian CP Registry, Australia) identified DNA methylation differences around 
genes specific to immune function, cell adhesion, and inflammatory signaling.91 In 
the study using DNA extracted from newborn blood spots (Guthrie cards), 33 ge-
nomic sites were differentially methylated within CP-discordant twin pairs associ-
ated with 25 genes, enriched in immune response signaling. A DMR within the lym-
photoxin alpha (LTA) gene, which has been reported to play a role in inflammation 
and brain development, mediating preterm birth and white matter brain injury, was 
also found to be consistently differentially methylated in CP cases across all twin 
pairs. Likewise, a 10kb gene region within the Lck interacting transmembrane Adap-
tor 1 (LIME1) gene was differentially methylated in CP-affected twins across all 
pairs. Subsequent EWAS studies92,90 have also implicated relevant immune genes to 
be associated with the pathophysiology of CP. Immune cells from inflammation can 
be caused by neonatal hypoxia-ischaemia caused by brain injury. This association of 
inflammation and perinatal brain injury may suggest one of the epigenetic mecha-
nisms behind CP. Studies of phenotypically discordant MZ twins have allowed for 
within-twin pair comparisons allowing the genetic and environmental components of 
complex human disorders to be better identified.

30.8 Epigenetic twin studies in epilepsy
Epilepsy is a group of brain disorders marked by sudden, recurrent episodes of motor 
or nonmotor disturbance, loss of consciousness or convulsions, and is associated 
with excessive electrical activity in the brain. The aetiology of epilepsy includes a 
wide variety of phenomena, including traumatic brain or head injury, developmental 
brain malformations, and genetic causes. The absence of an underlying structural 
brain abnormality is termed as “idiopathic epilepsy” and can be classified into 
generalized and focal epilepsies. The role of genetics in epilepsy has long been 
described with various studies characterizing the patterns of inheritance of epilepsy, 
and the molecular explanations for these patterns.108–111

The genetic component of epilepsies has been defined by familial and twin stud-
ies prior to the genomic era, and further strengthened by the discovery of genes 
mutated in epilepsy. One of the first twin studies in epilepsy was by Sillanpää in 
1998,93 with a cohort consisting of over 27,000 twin pairs in total from the Finnish 
Twin Cohort Study and including 316 cases of epileptic seizures occurring in 310 
twin pairs, both MZ and DZ. The results suggested that there was a higher concor-
dance rate in (observed to expected ratio = 5.48) in MZ twins as opposed to DZ 
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pairs (observed to expected ratio = 2.12). Genome-wide expression was also inves-
tigated in five discordant and four concordant MZ twins with idiopathic absence 
epilepsy and healthy controls.94 Using microarrays, the authors identified genes that 
were differentially expressed, and 16 of those genes were validated using real-time 
quantitative reverse transcription PCR (qRT-PCR). However, genetic variants cur-
rently associated with epilepsy account for only a minor portion of the variation in 
all epilepsies. The complicated genotype-phenotype correlations in epilepsy indicate 
that other modifying factors are responsible for determining the specific subtype. 
Moreover, twin studies have shown differing case-wise concordance estimates (pro-
portion of epilepsy–concordant pairs as a proportion of concordant and discordant 
pairs combined) for idiopathic generalized epilepsies (MZ= 0.77; DZ= 0.35) and fo-
cal epilepsies (MZ= 0.40; DZ = 0.03).95 The lack of complete case-wise concordance 
estimates in MZ twin pairs who are genetically identical indicates that presence of 
other factors, such as nonshared factors, may contribute to discordance.96 There is 
growing evidence that epigenetic change plays a major role in neurodevelopment, 
brain maturation, and brain function as well as epileptogenesis.97 Previous studies of 
human brain tissues from temporal lobe epilepsy have demonstrated specific DNA 
methylation patterns associated with epilepsy.98–100 However, as with other NDDs, 
it is evident from twin studies that the high level of discordance of epilepsy in MZ 
twins suggests the role of nongenetic factors in the aetiology of the disease. Mohan-
das and colleagues used a discordant MZ twin model to assess variation of DNA 
methylation in idiopathic epilepsy (N = 15 discordant twin pairs, Twins Research 
Australia, Epilepsy Research Centre Database, Queensland Institute of Medical Re-
search and Epilepsy Queensland, mean age of 47).101 The study identified genes such 
as calcium and potassium voltage-gated channel genes, KCNH5 and CACNB2 that 
was significantly different between the focal and generalized subtypes of epilepsy.101 
Analysis of DMRs identified genes such as PM20D1 and GFPT2, which have a 
role in neuronal pathways. Separate DNA methylation analysis of discordant focal 
and generalized epilepsy twin pairs demonstrated top DMR-associated genes OTX1, 
GDNF, and DLX5.101 Biological functions of these genes support these regions as 
plausible candidate biomarkers for epilepsy.

30.9 Current issues for study of NDDs in twins
30.9.1 Can twin studies tease out cause versus effect?
Two major types of biomarkers are diagnostic biomarkers that provide discrete and 
objective indication of diagnostic status, and screening biomarkers, which would 
allow determination of risk status of a condition. Biomarkers can be of significant 
translational value as they allow the determination of diagnostic risk prior to the 
appearance of behavior symptoms, thereby making early detection and intervention 
possible in the case of disorders such as CP. Minimizing the functional and social 
impacts of NDDs such as epilepsy would represent a significant advancement for 
large numbers of children with these life-long conditions which not only impact 
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on the individual child but on their families too. Twins can be used in longitudinal 
studies where DNA methylation patterns at various time points can be measured, 
which allows to understand the onset of disease if not already present at birth and go 
beyond association studies to shed light on causation.27

30.9.2 Incidence of neurodevelopmental disorders 
in twins versus singletons
Epigenetic analysis utilizing twins from longitudinal studies could contribute toward 
the development of predictive, diagnostic, and prognostic biomarkers for complex 
NDDs. However, some aspects to consider when studying twins is that they have 
a shorter mean gestational age than singletons and have higher chances of preterm 
delivery. This becomes an issue when factors associated with gestational age at birth 
influences health outcomes of interest, as is the case for CP.82.86 Lower birth weight 
is linked to preterm birth as well, which might indicate that this factor also likely 
increases the risk of developing a NDD.102 Utilizing twins as a model to study NDDs 
has many advantages but care needs to be taken when extrapolating findings in twins 
to singletons such as comparing similar gestational ages in singleton cohorts or 
adjusting for gestational ages.

30.9.3 Choice and availability of tissue samples
The biologically relevant tissue type in epigenetic analysis involving NDDs is brain 
tissue; however, obtaining high-quality brain tissue samples is often not feasible and 
includes its own challenges. Most often, studies that include brain tissues are obtained 
from postmortem samples. A common alternative is to use peripheral tissues such 
as blood, buccal or saliva, which are generally considered to be good indicators of 
biological mechanisms in the brain.

Studies have shown that peripheral tissues can be used effectively to identify bio-
markers of NDDs that may or may not mirror mechanisms in the brain. In many cas-
es, blood has been used to detect differentially methylation patterns between affected 
and unaffected individuals in disorders such as schizophrenia,103 bipolar disorder,104 
and Parkinson’s disease.105 The epigenetic profiles from blood tissue have been 
shown to have a large overlap with the profiles detected from brain samples.103,105 
Moreover, tissues used for predicting biomarkers do not necessarily have to be from 
the brain. The utility of a biomarker is the indication of a dysfunctional biological 
process that can be measured easily and noninvasively. A predictive biomarker could 
mirror a specific pathway in the brain or be a cumulative effect of several biological 
processes being affected in a disease.

Recently, the use of buccal tissues as an alternative to blood has been reported 
to be effective in EWAS. Lowe and colleagues compared the methylome of buccal 
versus blood and found a higher association of DNA methylation to disease pheno-
type in buccal cells compared to that of blood.106 Buccal tissues are also reported to 
be a better proxy to study brain-related disorders as they exhibit closer similarities 
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to brain DNA methylation patterns than blood.106,107 Many studies also identified 
strong correlations between the differentially methylated CpG sites identified in 
brain tissue compared with buccal tissues in both diseased population as well as 
healthy cohorts looking at childhood stress and adversity.108,109 Buccal cells are also 
considered by some a better tissue to use to study NDDs as they originate from 
ectodermal cell lineage that is the same as the brain, and have been used to identify 
potential epigenetic biomarkers for neurological outcomes.110,111 This is especially 
relevant for studies looking at early life exposures that take place before buccal and 
brain cells differentiate from a common germinal epithelium.

Therefore, given the difficulty to sample brain tissues for studies from living in-
dividuals, the most practical solution for epigenetic studies is to make use of the ap-
propriate peripheral tissues such as blood or buccal epithelium, or both.

30.9.4 Study sample sizes and power of epigenetic analyses
Although the power of epigenetic studies depends on large sample sizes, as with 
other -omic studies, it is known that the proportion of variance explained by single 
epigenetic variants is often larger than with genetic variants.112,113 The power of 
an EWAS study depends on several factors such as study design and study sample 
sizes. Typical sample sizes have grown from two to four-digit numbers over the 
past few years and the necessary sample size is dependent on effect size.114 Recent 
evidence has shown that sample size of 500 cases and 500 controls can detect an 
effect of 2% with greater than 80% power in 81% of sites.115 EWAS involving 
MZ twins offer greater power than studies of singletons, especially discordant MZ 
cotwin studies. Discordant MZ cotwin studies allow for smaller sample sizes because 
within-pair analysis controls for sex, age, parents, family environment, and genetics. 
The comparison of discordant MZ twins offers an alternative to the traditional case-
control study. Tsai and Bell116 have shown that sample sizes of 25 twin pairs or 
more are preferable to detect a mean effect size of 8% methylation with a statistical 
significance of 0.05 after adjusting for multiple testing.

30.10 The future of twin studies in contributing 
to understanding the role of epigenetics in 
neurodevelopmental disorders
During the last few years, it has become apparent that most chronic health conditions, 
from heart disease to psychiatric disorders, originate early in life. The studies discussed 
in this chapter shed a light on the importance of twins to further carry out epigenome 
studies of larger cohorts and warrants replication of results in nontwin population. 
An essential follow-up to these EWAS, to enhance the specificity and interpretability 
of such studies, is to integrate parallel multiomic data within the same cohort.117–119 
Combining data from multiomics studies has the potential to give insight into the 
biological pathways underlying the disease as well as provide disease markers to 
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facilitate early diagnosis. Complex disorders such as NDDs can benefit from such 
studies by assisting with a clear diagnosis, prognosis, and progression and guiding 
personalized treatments. A challenging aspect of multiomic studies, however, is the 
reproducibility of results as most neurodevelopmental conditions are compounded 
by data heterogeneity, a lack of standard clinical assessments and insufficient clinical 
data linked to molecular data. With recent technological advances, omic datasets 
are typically large and complex. Analysis of such omic datasets requires tailored 
statistical approaches and incorporating twin study designs into omic analyses will 
allow us to understand the effects of environmental and stochastic factors in human 
disease.
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Broadly defined, dementia is major a neurocognitive disorder that involves the 
deterioration of cognitive functioning across multiple domains.1 By far the most 
prominent form of dementia is Alzheimer’s disease (AD), which is estimated to 
currently impact 47 million people worldwide.2 In the present chapter we will focus 
on Alzheimer’s disease and related forms of dementias (ADRD), consistent with the 
current research agenda proposed by the National Institutes of Health.3 Alzheimer’s 
disease and related dementias (ADRD) encompasses multiple forms of dementia 
including AD, frontotemporal dementia, Lewy body dementia, and vascular dementia. 
The use of this classification recognizes that it is often difficult to distinguish 
between different types of dementia and that a “pure” clinical presentation of any 
form of dementia is relatively rare, as many people will present with pathology and 
risk factors consistent with more than one type of dementia.4

It is estimated that by the year 2030 more than 60 million people worldwide 
will be living with ADRD.5,6 This anticipated upsurge in the prevalence of ADRD 
represents a major public health crisis and will have a substantial economic impact, 
as even now ADRD is the most costly disease in the United States in terms of years 
of life lost and years lived with disability.7 Twin studies of ADRD and related phe-
notypes—that is, biological markers or intermediate clinical syndromes such as mild 
cognitive impairment (MCI)—offer unique opportunities to examine the etiology of 
ADRD, providing insights not only into the genetic and environmental determinants 
of the disease but also illuminating in broad strokes the mechanisms by which risk 
and protective factors are associated with ADRD. In the present chapter, we will 
review how twin studies have contributed to our understanding of ADRD, discuss 
knowledge gaps in the literature that have yet to be filled, as well as outline directions 
for future research where the study of twins may further advance ADRD-focused 
research.
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31.1 Genetic and environmental influences of ADRD
Perhaps the most common contribution of twin research to the study of any disease 
is the estimation of heritability—the degree to which genetic factors contribute to 
variance in disease risk.8 It is important to note that, in most cases, genetic factors 
in twin studies are unmeasured, and instead represent latent constructs that are 
estimated based on the degree of twin resemblance. Heritability is a fundamental 
statistic in genetic epidemiology, providing a crucial jumping-off point for gene 
discovery efforts, and for understanding the dynamics of gene-environment interplay 
(i.e., gene–environment interaction and gene–environment correlation). To date, 
four distinct twin studies (see Table 31.1) have been conducted that demonstrate 
that the risk for AD/ADRD is under partial genetic influence.9–12 The reader should 
note that we intentionally list only one study from each of the four twin cohorts, 
and that in some cases, as in the Swedish Twin Registry, multiple studies that 
corroborate these findings have been published as the samples and the data relevant 
to ADRD continued to develop. Results are provided by means of either twin pair 
concordance/discordance (i.e., the comparison of concordance rates in twin pairs 
with an identified proband) or the more robust estimation of heritability via structural 
equation modeling. These studies have varied substantially in terms of sample sizes 
and methods of participant ascertainment; nevertheless, despite being relatively few 
in number, they provide consistent support for genetic influences for ADRD.

The most robust heritability estimate of ADRD comes from the Swedish Twin 
Registry, one of the longest running and largest twin registries in the world.13–15 As 
part of the HARMONY study,16 14,435 individuals aged 65 and older underwent a 
telephone cognitive screening, and subsequent cognitive testing for those who indi-
cated possible cognitive impairment. The result was one of the largest, population-
based, genetically informative cohorts for dementia research ever assembled. In 

TABLE 31.1 Twin studies of Alzheimer’s disease and related dementia.

First author Year Sample Sample Size Heritability

Gatz 2006 Swedish Twin Registry 11,884 pairs 58% (full model)
79% (reduced 
model)

Räihä 1996 Finnish Twin Cohort 13,888 pairs aNot reported
Meyer 1998 NAS-NRC Registry 5,699 pairs 37% (full model)

74% (reduced 
model)

Bergem 1997 Norwegian Twin 
Registry

72 pairs 55% to 61%

a Heritability was not reported, but comparison of twin concordance rates suggests the presence of 
genetic influences on ADRD.
NAS-NRC = National Academy of Science-National Research Council. Full model indicates that the 
heritability estimate was derived in a model that allowed for additive genetic influences, common en-
vironmental influences, and unique environmental influences. Reduced model indicates that common 
environmental influences were fixed at zero.



53131.1 Genetic and environmental influences of ADRD

analyses that adjusted for the ages of the twins, ADRD was found to have a heritabil-
ity of 0.58, meaning that 58% of the risk liability could be attributed to additive ge-
netic influences.12 The heritability increased to 0.79 (79%) if the nonsignificant esti-
mate of common environmental influences (0.19 in the full model) was fixed at zero. 
While now over a decade old, the heritability of ADRD generated from the Swedish 
Twin Registry remains the most widely cited estimate in the literature due in part to 
the population-based nature of the sample utilized, the comprehensive approach to 
dementia assessment, the evaluation of male, female, and opposite-sex twin pairs, as 
well as the data analytic approach employed by the researchers.

31.1.1 Sex differences
At an estimated rate of nearly 2–1, women are expected to represent the majority of 
new ADRD cases over the coming decade.5 There is a well-established sex difference 
in the prevalence of ADRD, one that is not accounted for by greater female longevity; 
however, the mechanisms behind this difference remain poorly understood. This 
represents a significant knowledge gap in our understanding of the etiology of 
ADRD.17–22 Twin studies of ADRD, specifically studies that utilize data from male, 
female, and opposite-sex dizygotic twins, offer a unique opportunity to test whether 
ADRD is equally heritable in men and women, as well as whether the same genetic 
and environmental influences underlie variation in the risk of developing ADRD 
among men and women.

Here again, results from the Swedish Twin Registry provide the best data to date 
on whether sex differences in ADRD extend to the level of the underlying genetic 
and environmental influences.12,23 In the previously described study from the Swed-
ish Twins12 heritability estimates differed between men and women, with values of 
0.58 for men and 0.45 for women; however, these estimates did not significantly dif-
fer from one another. A more recent study, utilizing a larger sample of participants 
from the Swedish Twin Registry has further addressed the issue.23 Combining data 
from the HARMONY study,16 the Aging in Men and Women study (also known 
as the GENDER study),24 the Origins of Variance in the Oldest Old: Octogenarian 
Twins (OCTO-Twin),25 and the Swedish Adoption/Twin Study of Aging (SATSA),26 
investigators replicated the sex difference in ADRD risk and once again found slight 
differences in the heritability between men and women; however, these heritability 
differences were not significantly different from one another. Moreover, by leverag-
ing the presence of opposite-sex twin pairs and fitting what is referred to as a sex 
limitation modela, the study found no indication that the underlying genetic influ-
ences of ADRD differed between men and women.

Thus, current results from twin studies suggest that the established sex differ-
ence in ADRD risk is not due to differential effects of genetic and environmental 

a For a detailed explanation of the use of opposite-sex twin pairs in “sex-limitation” models, the read-
er is recommended to review Chapter 9 of Neale and Maes (2004), Methodology for Genetic Studies of 
Twins and Families. Kluwer Academic Publishers, The Netherlands.
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influences, nor sex-specific genetic influences. The absence of differences at this 
level of analysis raises the question of why sex differences are present in ADRD? As 
we will discuss later in this chapter, alternative uses of twin data provide insights into 
possible mechanisms.

31.1.2 Age at onset
Any genetic analysis of ADRD, whether a classical twin study or a genome-wide 
association study (GWAS), is complicated by the fact that the relative risk of ADRD 
varies dramatically by age.27,28 In other words, an individual’s risk for developing 
ADRD is not consistent over time but increases with increasing age. The increase 
in risk can be thought of in similar terms as an increase in the phenotypic/overall 
variance of a continuous trait over time. As the phenotypic/overall variance 
increases, the opportunity arises for changes in the relative contributions of genetic 
and environmental influences to that variance. The potential impact of this variability 
in risk can be seen in the age-sensitive effects the apolipoprotein E (APOE) ε4 
allele, the leading genetic risk factor for ADRD, which appears to show stronger 
associations with ADRD earlier in life.29,30 Because the risk of ADRD changes with 
age the traditional case-control design for determining genetic contribution to the 
risk of ADRD will provide an imprecise representation of reality, since one cannot 
be certain if individuals identified as not having ADRD are “true” cases, or simply 
have not developed ADRD yet.

While the studies that have provided heritability estimates for ADRD have each 
made efforts to account for the effects of age, there has been little examination to date 
of whether the heritability of ADRD changes as a function of age. Findings from the 
Swedish Twin Registry suggest that the heritability of ADRD may be greater prior 
to age 80 (heritability was estimated at 0.59 for incident dementia with onset prior 
to age 80 and 0.40 if onset occurred after age 80); however, the observed herita-
bility estimates of ADRD in the younger versus older age groups were not signifi-
cantly different from one another.31 An analysis of data from the National Academy 
of Sciences-National Research Council (NAS-NRC) Twin Registry,32,33 the only 
United Stated based twin registry to have examined ADRD, found that if analyses 
account for the risk of ADRD being conditional on age (in technical terms the data 
are right-censored), then the estimate of heritability of ADRD is 0.37.9 Similar work 
conducted using data from the Swedish Twin Registry and analyzing risk for ADRD 
in the context of a survival function has resulted in heritability estimates consistent 
with conventional methods (heritability estimates ranged from 0.57 to 0.78 depend-
ing on model parameters) and noted a substantial reduction in the contribution of 
common environmental influences.34,35 While these studies better accounted for the 
age-dependent nature of ADRD, they nevertheless did not fully address whether the 
heritability of ADRD changes with age.

In addition to the findings from the NAS-NRC and Swedish Twin Registries, we 
are aware of only one study that has empirically demonstrated that the age-varying 
risk for ADRD has implications for understanding the heritability of the phenotype. 
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Silverman and colleagues,28 using an extended family design, showed that the fa-
milial nature of ADRD decreased with increasing age. Since this study was not 
conducted using twins, the authors could not distinguish between the contributions 
of genetic and shared environmental factors to ADRD risk. If one assumes that a 
significant portion of the familial nature of ADRD is due to genetic factors, as the 
reported heritability estimates strongly suggest, and that the risk of ADRD increases 
with age, then is it possible that that the heritability of ADRD will be lower at later 
ages of onset.

To date, no twin study has sufficiently tested the hypothesis that the heritability of 
ADRD changes as a function of age, what would be referred to as an age-by-herita-
bility interaction. Such an analysis is complicated by the previously mentioned cen-
soring of dementia data, the need to account for the competing risk of mortality (i.e., 
accounting for individuals who die prior to dementia onset), limited statistical power 
(due to disease prevalence and limited cohort size), and the dichotomous nature of 
the dementia phenotype (which inherently limits statistical modeling options). The 
successful demonstration of such an effect would substantially improve ongoing gene 
discovery efforts by highlighting limitations in the current statistical models (i.e., the 
assumption of invariant or constant disease risk by age) and redirecting focus onto 
age at onset of ADRD rather than presence or absence of the condition. The recent 
success of efforts to use single nucleotide polymorphisms (SNPs) identified from 
ADRD GWAS and weight them according to participant age, an approach known 
as the polygenic hazard score, in order to improve disease and biomarker prediction 
highlights the relevance of this issue to genetically informed ADRD research.27,36–39

31.1.3 Intermediate ADRD phenotypes
Along with the examination of ADRD, twin studies have also been used to estimate 
the heritability of several intermediate ADRD phenotypes. Similar to the concept of 
the endophenotype,40 a biological marker that is strongly correlated with a disease, 
an intermediate phenotype represents a mid-way point between normal functioning, 
and the severe impairment that is observed in ADRD. Cognitive dysfunction, 
for example, assessed via a telephone administration of a mental status exam, in 
nondemented participants from the Swedish Twin Registry was found to have a 
heritability of 0.35.41 This heritability estimate was substantially lower than the 
heritability of ADRD (0.58) generated from the same cohort.

Results from the Vietnam Era Twin Study of Aging (VETSA),42,43 a longitudinal 
study of cognitive and brain aging in male twins, provide perhaps the most com-
prehensive genetic examination of a key intermediate phenotype for ADRD, that 
being MCI. The increased emphasis on the early identification of ADRD has made 
MCI a major focal point for researchers interested in the trajectories of cognitive 
deterioration and potential interventions. Using a data-driven approach to MCI clas-
sification, rather than relying on subjective reports of cognitive difficulties, these 
investigators examined the heritability of MCI across multiple definitions of impair-
ment (e.g., a participant is considered impaired if two tests within a cognitive domain 
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are 1.0 standard deviations below the mean, or one test within a domain is 1.5 stan-
dard deviations below the mean) in participants who were 55 years of age on aver-
age.44 For any MCI (i.e., cognitive impairment in any domain, not just memory), her-
itability estimates ranged from 0.37 to 0.63, and there was little evidence of shared/
common environmental influences. Adjusting for early life general cognitive ability 
did little to reduce the heritability estimates. Subsequent studies from the VETSA 
have continued to validate this approach to MCI classification, demonstrating that 
the diagnosis is associated with hippocampal atrophy during midlife,45 and that is it 
associated with polygenic risk for AD46.

31.2 Evaluating ADRD risk and protective factors
In addition to the estimation of the genetic and environmental influences of ADRD, 
twin data provide other novel opportunities to investigate ADRD etiology. The use 
of twins where members of a pair are discordant for ADRD, or are discordant for 
a risk or protective factor, is one such example. Another is the comparison of the 
risk of ADRD in opposite-sex twin pairs relative to same-sex twin pairs. These 
quasi-experimental designs (described below) allow for the rare opportunity to test 
causal hypotheses from cross-sectional observational data. Furthermore, their results 
can have important implications for how one conceptualizes ADRD and its the 
relationship with known risk and protective factors.

31.2.1 Co-twin control studies
Many potentially modifiable risk factors for ADRD have been identified, including 
education, hearing loss, traumatic brain injury, hypertension, alcohol consumption, 
obesity, smoking, depression, social isolation, physical activity, air pollution, 
and diabetes.47 Since it is not possible to randomly assign research participants 
to one or more of these risk factors, it is difficult to draw causal inferences from 
their associations with ADRD. The co-twin control study is a unique example of a 
case-control design that enables researchers to account for the confounding effects 
of genetic and environmental factors, and greatly strengthens the case for causal 
inference of any observed associations48.

Co-twin analyses test if the individual level (between-family) associations among 
ADRD and known risk factors are evident in twin pairs (i.e., within-family) discor-
dant for ADRD. The degree to which associations are stronger or weaker within 
monozygotic (MZ) and dizygotic (DZ) twins relative to individual-level effects 
allows inferences to be made regarding the degree of genetic and environmental con-
founding present in an association (see Fig. 31.1). In a scenario where the point esti-
mates (e.g., odds ratios, OR) are similar in magnitude in between- and within-family 
analyses, both in MZ and DZ pairs, there is no evidence of genetic or environmental 
confounding. Thus, if the OR for the association between a given risk factor and 
ADRD is 1.5 in an individual level analysis, conditional co-twin analyses of ADRD 
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discordant pairs would results in OR’s of 1.5 both in MZ and DZ pairs. The effect 
of the risk factor on ADRD would be independent of genetic liability to ADRD or 
shared environmental effects. If point estimates are attenuated in co-twin analyses 
compared to those observed in individual-level analyses (as shown in Fig. 31.1), 
there can occur either environmental (point estimates from co-twin analyses of DZ 
and MZ twins are similar in magnitude) or genetic confounding (point estimates are 
smaller in magnitude in MZ co-twin analyses compared to DZ co-twin analyses).

Studies of discordant twin pairs have investigated a wide variety of medical, so-
cioeconomic, and behavioral predictors of ADRD. Indeed, a comprehensive review 
of all discordant twin studies relevant to ADRD exceeds to the scope of the present 
chapter. Here we review selected studies that highlight the insights that can be gained 
from this approach. Results from the NAS-NRC Twin Registry, for example, suggest 
that cardiovascular risk factors differ in terms of their potential causal relationships 
with cognitive decline.49 Cognitive change, as assessed by a telephone interview 
of cognitive status, over a 12-year period did not differ between twins discordant 

Individual-level DZ MZ Individual-level DZ MZ

Individual-level DZ MZ Individual-level DZ MZ

Significant
association
of risk factor
with ADRD
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association
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with ADRD
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No risk factor
– ADRD
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Partial genetic confounding(A) (B)

(C) (D)Partial environmental confounding

Complete genetic confounding
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FIG. 31.1 Different scenarios of genetic and environmental confounding in co-twin control 
analyses. Genetic confounding (A and B) occurs when estimates from MZ twins are smaller 
than estimates from DZ twins, whereas environmental confounding (C and D) occurs when 
estimates from MZ and DZ are similar but smaller than estimates obtained from individual 
level analysis. Partial confounding occurs when a risk factor is associated with ADRD 
discordance both in DZ and MZ pairs (A and C) and complete confounding occurs when a 
risk factor is not associated with ADRD discordance in MZ pairs (B and D). The dashed line 
in each panel represents the threshold where the risk factor is associated with higher risk of 
ADRD. Greater bar height indicates larger effect size of the risk factor-ADRD association.
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for hypertension (N = 326 pairs), hypercholesterolemia (N = 282 pairs), or obesity 
(N = 166) pairs. However, co-twins with diabetes (N = 177) showed greater decline 
compared to their co-twins without diabetes. These findings are supported by similar 
co-twin control studies using data from Finnish and Swedish twin samples. In the 
older Finnish Twin Cohort study, a well-validated middle-age dementia risk score, 
the Cardiovascular Risk Factors, Aging and Dementia (CAIDE), which included 
multiple cardiovascular risk factors were related to old age cognitive function in 
between-family (individual level) analysis, but this association was not evident in co-
twin analyses neither in DZ or MZ pairs.50 Moreover, mid-life diabetes was related 
to dementia risk in co-twin analyses in Swedish twins.51 Together, results from co-
twin control studies suggest that diabetes has a causal influence on old age cognition, 
while associations observed for the other cardiovascular risk factors are confounded 
by shared genetic and environmental factors.

The co-twin control design has also been used to illuminate the nature of the 
relationships among depression, anxiety, and ADRD. In data from the Swedish Twin 
Registry, depression at old age, but not earlier, was associated with ADRD.52 This as-
sociation was also evident in twins discordant for ADRD, suggesting that depression 
is a prodromal feature of ADRD rather than a risk factor. Also in the Swedish Twin 
Registry, a study with 28-years of follow-up indicated higher anxiety—independently 
of depression—as a risk factor for ADRD.53 Moreover, the relationship between anx-
iety and ADRD was evident in DZ but not in MZ pairs indicating genetic mediation 
of the association.

Education is a potential risk/protective factor for later-life cognitive impairment 
and ADRD that has garnered much attention. Indeed, completion of primary and 
secondary education has been suggested to be one of the most effective strategies 
in preventing ADRD.47 While the effects of education on ADRD have been closely 
studied, only a small number of studies have been conducted that leverage the discor-
dant twin design. An analysis of 8,190 individuals from the Swedish Twin Registry 
compared the risk of ADRD in those with compulsory education (high school or 
less) to the risk in those with more education and found those with only compulsory 
education had increased risk of ADRD (odds ratio = 1.77).54 A discordant monozy-
gotic twin pair analysis yielded an increased risk of ADRD in co-twins with lower 
education (odds ratio = 3.17), indicating that the association between lower educa-
tion and ADRD is not confounded by shared genetic effects. Because MZ’s have 
similar genetic propensity for educational attainment, and they, by definition, share 
environmental effects that make twins similar in educational attainment, educational 
differences are due to environmental effects unique to each member of a twin pair. 
Thus, the MZ co-twin analysis suggests that higher educational attainment per se has 
protective effects against ADRD. However, this association could be still accounted 
for by a third variable not measured or included in the model. One such a factor could 
be general cognitive ability.

Indeed, the association between education and ADRD becomes less clear once the 
effect of early life cognitive ability is taken into consideration. A large study of over 
660,000 Danish men found that cognitive ability assessed at the time of induction 
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into the military was significantly associated with ADRD later in life, and that adjust-
ing for education had little effect on this relationship.55 A co-twin analysis indicated 
that a 1 standard deviation unit lower cognitive ability was related to a 9% higher 
risk of dementia, but this association was nonsignificant and was much smaller than 
the 33% higher risk observed in individual-level analyses. A similar study from the 
previously mentioned VETSA project suggests that the protective effect of education 
is primarily explained by differences in cognitive ability.56 Co-twin analyses reveal 
that higher educational attainment was associated with better verbal fluency and epi-
sodic memory after accounting for a measure of general cognitive ability obtained at 
military induction (roughly age 20); however, this effect accounted for less than 1% 
of the variance in functioning. For both verbal fluency and episodic memory, within 
DZ pair associations were less similar than individual level (between-family) asso-
ciations. As with the previously described Danish study,55 the associations in co-twin 
analyses were smaller in magnitude in MZ twins than in DZ twins, indicating at least 
partial genetic confounding50.

The co-twin control design is a versatile and conceptually powerful tool for ex-
amining risk and protective factors for ADRD. Unlike biometrical analyses based on 
structural equation models, the co-twin design yields risk estimates that are compara-
ble to risk estimates from conventional epidemiological research. Risk ratios for any 
factor tell if the associations are evident when controlling for environmental and ge-
netic effects and risk ratios are can be interpreted in a way similar to those generated 
through an analysis of unrelated individuals. The method is, however, not without its 
limitations. Due to the relatively high heritability of ADRD, only a small proportion 
of monozygotic twins are discordant for dementia. Consequently, even large-scale 
studies have resulted in relatively small numbers of discordant monozygotic pairs. As 
the statistics (standard errors, confidence intervals, and P-values) in the models de-
pend on the sample size, the effects observed in MZ twins can be nonsignificant even 
if the estimated risks are similar to those based on estimates from nontwin samples 
(i.e., unrelated individuals). Thus, these analyses have to be interpreted cautiously, 
keeping the sample size in mind. It is also important to keep in mind that the quasi-
experimental co-twin design cannot replace true intervention trials. Even if there is 
no association between the risk factor and ADRD in discordant twins, interventions 
could still result in differences in cognitive functioning or other indicators of ADRD 
progression. Ultimately, multidomain lifestyle intervention studies in monozygotic 
twins would show how much cognition can be improved or how much cognitive de-
cline or cognitive impairment can be delayed independently of genetic risk of ADRD.

31.2.2 Opposite sex twins
A variant of the co-twin control design is the examination of opposite-sex (male–
female) dizygotic twin pairs. Opposite-sex twin pairs are as genetically related as 
typical siblings, sharing on average 50% of their segregating genes.8 What most 
distinguishes these twins from other types of twins is the presence of an opposite-
sex counterpart in the prenatal environment. Evidence from animal studies suggests 
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that the presence of a male fetus can result in an increase in the androgen levels 
present in the prenatal environment. This effect on the hormonal milieu of the 
prenatal environment may in turn result in a masculinization of a female fetus, 
known as the testosterone transfer hypothesis.57,58 Thus, the comparison of opposite-
sex twins relative to same-sex twins provides an opportunity to test the prenatal 
organization effects (i.e., effects on early neurodevelopmental that are long-standing 
if not permanent) of endocrine factors on physical and behavioral traits, as well as 
disease risk. It should be noted, however, that skepticism exists regarding the validity 
of the testosterone transfer hypothesis, as there is no direct of evidence of prenatal 
testosterone transfer in human opposite-sex twins. Moreover, postnatal socialization 
may contribute to differences between twins from opposite- and same-sex pairs.

The opposite-sex twin comparison has been used to examine a wide array of 
physiological and behavioral phenotypes with mixed success.57,58 With respect to 
cognition, studies suggested that sex differences in expressive vocabulary and vi-
sual-spatial ability are driven in part by variation in the prenatal endocrine environ-
ments.59,60 Recently, Luo and colleagues,61 utilizing data from the Swedish Twin 
Registry, demonstrated that women from same-sex twin pairs had significantly higher 
ADRD risk relative to women from opposite-sex twin pairs. In contrast, male twins 
from opposite-sex pairs showed no differences in ADRD risk relative to men from 
same-sex pairs. This result provides intriguing evidence that the well-established sex 
difference in lifetime ADRD prevalence may in part be due to early endocrine fac-
tors (specifically androgens) that have long-lasting organization effects on cognitive 
functioning and the brain.

31.3 A new conceptualization of Alzheimer’s disease 
and related dementias
In 2018, the National Institute on Aging-Alzheimer’s Association (NIA-AA) 
introduced a new research framework for studying ADRD.62 This new framework 
marked a dramatic shift away from conceptualizing ADRD as a disorder of cognitive 
functioning and has steered researchers toward a biologically based definition of 
ADRD.

The NIA-AA framework includes a classification system (termed A/T/N) that cat-
egorizes individuals based on whether they have abnormal levels of amyloid (A), tau 
(T), or neurodegeneration (N), and unlike previous criteria for AD/ADRD diagnoses, 
these categories are independent of cognitive status. In other words, the diagnosis 
focuses on the underlying pathology of ADRD rather than the clinical symptoms of 
the disease. This distinction is of particular importance because the pathology of AD 
may appear years, or even decades, prior to clinical symptom onset.63–65 It is hoped 
that the emphasis on early identification of ADRD pathology will ultimately improve 
therapeutic interventions, which have thus far been ineffective at slowing or stopping 
the progression of AD once symptoms emerge. Importantly, the A/T/N classification 
is flexible in that any biomarker of these pathologies can be used, including those 
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derived from cerebro-spinal fluid (CSF), positron emission tomography (PET), mag-
netic resonance imaging, or blood.

This new conceptualization of ADRD offers many opportunities for the contin-
ued contribution of twin research to the study of dementia. For example, relatively 
little is known about the genetic and environmental influences of ADRD biomarkers, 
or the degree to which they are genetically and/or environmentally related to one 
another. The TwinsUK study, a sample of adult twins based in the UK, conducted 
an examination of multiple plasma-based ADRD biological markers and found the 
average heritability estimate to be only 0.26.66 It should be noted that few of the 
biomarkers examined easily fit into the A/T/N framework with the exception of tau, 
which was found not to be heritable.

To date, very few GWAS analyses of ADRD biomarkers have been conduct-
ed,67–70 and those that have been done had relatively small sample sizes (hundreds to 
a few thousand participants) in comparison to GWAS efforts for ADRD clinical diag-
nosis,71–73 which range in the tens of thousands of participants. Thus, genetic studies 
of ADRD biomarkers have been dramatically underpowered to detect meaningful 
genetic influences. Twin-based heritability estimates can be used to inform gene dis-
covery efforts by determining which markers are under the greatest genetic influence 
and therefore most suitable for further investigation. Estimates of shared and unique 
environmental influences may also provide information regarding the relative influ-
ence of ADRD-related environmental factors, as well as the effects of preanalytic 
sample handling (e.g., what temperature a sample is stored at, what material con-
tainer is used to store the sample, time between sample collection and analysis, etc.) 
and measurement error. Biomarkers with very high estimates of E could potentially 
have high measurement error, and thus unlikely to represent reliable measures for 
both genetic and phenotypic analyses.

In addition, the application of the twin design to this new conceptualization of 
ADRD may help to identify new biomarkers that better capture the pathophysiologi-
cal processes that are captured by current “gold standard” methods (i.e., CSF sam-
pling or PET imaging). The ability of the A/T/N classification system to incorporate 
biomarkers of many kinds is a highly desirable feature of the framework because this 
flexibility allows for application across a wide variety of studies. However, biomark-
ers of the same pathology derived from different sources (e.g., PET, CSF, or blood) 
may measure different forms of a given pathological protein or have different levels 
of sensitivity. The result is that biomarkers from different modalities can have vary-
ing degrees of agreement, from quite high to extremely low. In the context of the 
twin design, genetic correlations can be tested to determine whether two biomarkers 
share genetic influences in common. If not, the biomarker may be measuring the out-
comes of different biological processes and should not be considered interchange-
able but rather complementary. This is of particular interest with the increased avail-
ability of blood-based biomarkers. Long sought for their relative ease of collection 
and cost efficiency, such analyses will clarify the extent to which peripheral markers 
of pathology are mediated by the same genetic influences as pathology located in the 
brain or CSF.
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31.4 Summary and future directions
Twin studies have made great contributions to our understanding of ADRD; providing 
information regarding the heritability of ADRD, the nature and origins of observed 
sex differences, and the causal inferences that can be drawn regarding associations 
with many of the identified risk and protective factors for ADRD. There remain, 
however, numerous other ways in which the twin design can continue to contribute 
to the study of ADRD. For example, multivariate applications of the classical twin 
design provide the opportunity to not only estimate the heritability of a trait or disorder 
but also estimate genetic and environmental correlations with other phenotypes.8 As 
with the co-twin control design, estimation of genetic and environmental correlations 
provides invaluable information for understanding how risk and protective factors 
are associated with ADRD—establishing whether associations are driven by shared 
genetic factors or are instead due to shared environmental risks. Multivariate 
applications of the twin design have rarely been applied to ADRD. Indeed, the 
analysis of ADRD and education conducted by the Swedish Twin Registry is one of 
the few we could identify.54 Similarly, twin studies have yet to be used to examine 
the role of gene-environment interactions in ADRD. Genetic determinants of a 
trait or disease are not fixed within a population, but can fluctuate as a function of 
specific environmental factors.74 In other words, the heritability of ADRD can differ 
based on other factors. Establishing what these factors are has great potential for the 
development of more targeted interventions that acknowledge that risk and protective 
factors for ADRD may not be equivalent across different subgroups of the population.

Additional contributions of twin studies to ADRD research can come in the form 
of a greater emphasis on acquiring diverse samples to study. The reader will have 
likely noticed that many of the studies referenced in this chapter originate from the 
Swedish Twin Registry. This fact is not the result of the authors’ preference for this 
cohort or the studies that have originated from it, rather this reflects the limited num-
ber of large-scale twin studies that have focused on ADRD. As existing younger twin 
cohorts continue to age, one expects that a greater diversity of twin samples that 
can adequately examine ADRD will become available and contribute greatly to our 
understanding of sex differences, and the impact of socioeconomic factors to ADRD. 
Greater diversity of twin samples will hopefully also allow for a greater exploration 
racial and ethnic differences in ADRD, as nearly all samples to date have consisted 
of participants of European ancestry. The Interplay of Genes and Environment across 
Multiple Studies (IGEMS) consortium represents one effort to pool existing twin 
studies from multiple countries in order to increase sample size and sample diver-
sity.75,76 More efforts are clearly needed in this area if investigators are to adequately 
address one of the most prominent knowledge gaps that persist in ADRD research77.

ADRD research is entering a remarkable new phase, one where the conceptual-
ization of the disease is shifting dramatically. For decades, ADRD has been thought 
of as a neurocognitive disorder, and the majority of studies discussed here were con-
ducted under that model. The A/T/N framework has shifted the focus on ADRD re-
search from the clinical outcome (i.e. dementia) to the pathological processes that 
cause that outcome. The next phase of ADRD-focused twin studies will likely adhere 
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to this new framework, and in doing so provide novel insights into the genetic and 
environmental factors that contribute at ADRD pathology.
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32.1 Introduction
The “-omics” suffix denotes a discipline in biology, while the related suffix “-ome” 
signifies the object of study in this field.1 Genomics, transcriptomics, proteomics, and 
metabolomics, referring to the study of the genome (DNA), transcriptome (RNA), 
proteome (proteins), and small molecules involved in metabolism, respectively,2 cover 
the core molecules in the central dogma of biology.3 The central dogma of biology 
describes how proteins are formed by the transcription and translation of genetic 
information (genomics → transcriptomics → proteomics).3 Metabolomics, the study 
of the metabolites, that is, all small-molecules in an organism,2 and the central 
dogma together describe the omics cascade from genes to metabolites (Fig. 32.1).4 
In addition to the linear, unidirectional oriented connections in the omics cascade, 
more complex relationships exist between and within the different omics  layers, 
including feedback loops among omics levels.3 Increasingly, other omics layers, such 
as the epigenome, microbiome, glycome, phosphoproteome, lipidome, fluxome, or 
exposome, are added to the omics cascade.5 Many of these, such as the glycome or 
phosphoproteome, reflect regulatory and modulatory processes,5 others, such as the 
exposome, reflect exposures to the environment.6

Large-scale omics studies are often carried out in cohorts of unrelated individu-
als. This is, in part, because many statistical models originally designed to study 
omics data rely on standard techniques for association and regression. In the field of 
genomics, particularly for genome-wide association (GWA) studies, it was quickly 
recognized that leveraging the information contained within the many twin registries 
around the world would result in many advantages, if we properly account for the 
clustering of observations.7 This recognition spurred efforts to apply approaches, 
such as mixed models and generalized estimating equations, to account for related-
ness among participants in twin and family studies.8 Approaches that allow for the 
inclusion of related individuals led to the inclusion of large numbers of samples of 
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well-phenotyped participants from twin registries in e.g., GWA studies of migraine, 
major depression, educational attainment.9–11 However, twin designs themselves are 
powerful analytical tools for omics data beyond contributing to association studies.12 
In this chapter, we will first introduce some often studied omics domains: genomics, 
epigenomics, transcriptomics, and metabolomics. Next, for each of these domains, 
we outline the contributions made by twin studies and consider the added value of 
twin research in omics. We illustrate some designs such as the discordant twin de-
sign, in some detail and consider a combination of the classical twin design with 
genome-wide genotype data.

Genomics

Transcriptomics

Proteomics

Metabolomics

Phenotype

Transcription

Translation

FIG. 32.1 The omics cascade—the omics cascade describes the cascade from genotype to 
phenotype.
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32.2 Genomics
32.2.1 What is genomics and how do we measure the genome?
Deoxyribonucleic acid (DNA) polymer molecules contain the hereditary information 
of the organism. DNA consists of two polynucleotide chains (“strands”) that 
form a double-helical structure that is stabilized by hydrogen bonding between 
the nucleotides of both strands. These hydrogen bonds are formed between 
complementary nucleotides. There are four nucleotide types, where adenine (A) pairs 
with thymine (T) and guanine (G) pairs with cytosine (C). Segments of DNA contain 
genes, that consist of a few hundred to more than two million base pairs.13 Genes 
consist of multiple long noncoding regions called introns and shorter coding regions 
called exons.14 By coding, we mean coding for a function in the next omics layer(s). 
Originally it was believed that all genes contain the instructions to encode proteins, 
however, we now know that many genes are not protein coding. Almost all DNA 
molecules are contained in the nucleus of each cell. The cell nucleus is approximately 
5–8 µm in diameter. By contrast, unfolded human DNA is approximately 2 m in 
length. To fit DNA in the cell nucleus, DNA is packed into highly condensed structures 
called chromosomes, each of which comes in two copies (one inherited from each 
parent). Humans have 23 pairs of chromosomes: 22 autosomal chromosome pairs 
and a sex chromosome pair.13

With genome we refer to the complete set of hereditary information, where the 
word “genome” is a conjunction “gene” and “chromosome.” Therefore, genomics 
has been coined to refer to the study of the structure, function, and mapping of ge-
nomes.15 In this chapter, we focus on genomic studies characterizing the DNA se-
quence variants between individuals. We can distinguish various types of sequence 
variants, spanning from a single nucleotide to dozens of base pairs and even entire 
chromosomes. The single nucleotide variants (SNVs), also called point mutations, 
are variations (substitutions, insertions, or deletions) in a single base pair. When 
these occur in more than 1% of individuals we refer to them as single nucleotide 
polymorphisms (SNPs). Small insertions or deletions that affect several2–50 base 
pairs are called indels and substitutions of several base pairs are called block substi-
tutions.16 Differences in copy number (deletions, insertions, duplications), orienta-
tion (inversions; i.e. stretches of flipped DNA sequence), or location (translocations, 
i.e., stretches of DNA that have migrated within the genome) between individuals 
that span more than 50 base pairs are called structural variants (SVs).17 The largest 
SVs can affect whole chromosomes, as such, they are also referred to as chromo-
somal aberrations.

To characterize nucleotide sequence variations in DNA, two techniques are 
commonly used: DNA microarrays and sequencing. Microarrays typically measure 
up to 1 million SNPs, while whole-genome sequencing yields nearly 100% of the 
(structural) information of the genome. Due to the correlation structure of the DNA 
sequence, the genomic information in DNA microarray data often suffices when 
studying the relation between the genome and biological (dys)function. DNA micro-
arrays use a technology comprised of a collection of single-stranded oligonucleotide 
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probes covalently linked to a flat surface, often times on a medium analogous to a 
microscope slide. For these probes, their locations in the genome are known. Syn-
thetic oligonucleotide probes interact with highly specific genomic sequences via 
complementary base pairing (hydrogen bonding between the probe and target DNA 
sequences) in a process termed hybridization. The probes are typically designed to 
hybridize to the target sequence immediately upstream of the polymorphic nucleo-
tide. Following hybridization, fluorescently labeled nucleotides are utilized in an ex-
tension or ligation reaction to discriminate between the different alleles known to oc-
cur at that locus and are subsequently imaged utilizing a laser-powered scanner. After 
the raw intensity data for samples processed on the DNA microarray are generated; 
next steps involve genotype calling, quality control of genotypes, including tests of 
Hardy–Weinberg (HE) equilibrium of alleles, of Mendelian transmission (in family 
data), and comparison of allele frequencies to reference sets.24 DNA microarrays can 
be designed to target SNPs, either in small numbers for dedicated purposes such as 
arrays targeting (rare) exonic variants,20 or SNPs of interest for particular traits21 or 
contain genome-wide common genetic variants, such as present on the global screen-
ing array or the Axiom UK Biobank Array.22,23

DNA sequencing technologies allow for the measurement of most variants in the 
genome. DNA sequencing was first developed by Sanger in 1975, and this technique 
is now referred to as Sanger sequencing. Sanger sequencing has high accuracy, low 
throughput (it only produces a single DNA fragment at a time), the maximum se-
quence length is 1000 base pairs, is relatively expensive, and is not suitable for large-
scale sequencing projects.25 Because of its high accuracy, it is often used as a follow-
up of findings that result from other sequencing techniques. Several technological 
advances have contributed to the development of high-throughput sequencing. One 
advance was the development of polymerase chain reaction (PCR), which allows 
for massive amplification of small DNA samples, a development that improved the 
scalability of sequencing as this could be applied in multiwell plates.26 These and 
other developments led to the newer next-generation sequencing (NGS) techniques. 
A complete overview of all types of NGS techniques is outside the scope of this 
chapter, the reader is referred to, for example, a review by Goodwin, McPherson, 
and McCombie.27

32.2.2 Sequence differences between monozygotic twins
Because monozygotic (MZ) twins arise from one fertilized oocyte they are taken to 
be genetically identical; a key assumption in the classic twin design.28 While MZ 
twins are genetically identical at conception, somatic mutations can arise during cell 
division (mitosis).29 Such somatic mutations cause differences in the DNA sequence 
across different cells of the body. An individual with different populations of cells 
with different DNA sequences originating from the same zygote is called a mosaic29 
and mosaic mutations can differ between MZ twins from the same pair. Mutations 
can also arise in germ cells (germline mutations), and be transmitted to the offspring 
resulting in a constitutional mutation that is present in all cells.30 Germline mutations, 
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or pretwinning de novo mutations, are therefore shared between MZ twins, but not 
between the twins and their parents. By contrast, somatic mutations, or post-twinning 
de novo mutations, are present in only one MZ twin or even only in some of the cells 
of one twin (mosaicism). The genetic (dis)similarity of MZ twins, therefore, depends 
on the moment in life at which mutations occur. Multiple genetically different cell 
lineages within one person can also originate from different zygotes. This is referred 
to as chimerism and can arise for example if dizygotic (DZ) twin zygotes merge early 
in development.29 In contrast to gross chimerism, which is present in the majority of 
the cells in the total population of cells of a particular cell type, microchimerism is 
present in less than 1% of the total cell population. It occurs frequently, for example 
as a result of the passage of blood between mother and child during pregnancy, with 
twin chimerism as a special case and can be a source of discordance in MZ twin 
pairs.31

DNA sequencing studies suggest that the de novo SNV mutation rate in somatic 
cells is approximately 0.82 × 10−8 to 1.70 × 10−8 mutations per base per genera-
tion.32–34 Study designs utilizing MZ twins allow for distinguishing between prezy-
gotic (present in both twins of a pair) and postzygotic (present in only one twin of 
a pair) de novo mutations and to estimate the postzygotic mutation rate. A whole-
genome sequencing study of a healthy MZ twin pair and their parents obtained a rate 
of 0.97 × 10−8 per base per generation for de novo SNVs shared by the twin pair. 
For twin-specific de novo SNVs, rate of 0.34 × 10−8 base pair per generation was 
calculated for one twin and 0.04 × 10−8 base pair per generation for the other twin,34 
that is, an overall de novo SNV rate of 1.01 and 1.31 × 10–8. A comparison of whole-
genome DNA sequence data of two monozygotic twin pairs, 40 and 100 years old, 
was carried out to detect somatic mosaicism and identified 1720 putative postzygotic 
mutations in blood cells from the 40-year-old MZ twin pair and 1739 in the 100-year-
old pair.35 The identified postzygotic mutations were nonrandomly distributed across 
the genome, with enrichment for regulatory elements such as coding exons or genes 
involved in GTPase activity.

Discordances in MZ twin pairs have also been reported for chromosomal abnor-
malities, particularly for aneuploidy, where one or more chromosomes are missing 
or present in an extra copy,29 such as monosomy X (missing sex chromosome; e.g., 
Turner Syndrome), or trisomy 21 (gain of extra chromosome 21, e.g., Down Syn-
drome).36 Postzygotic de novo CNVs have been observed in for example a sample 
of 1097 unselected MZ twin pairs. One hundred fifty-three putative de novo CNVs 
were detected in peripheral blood and buccal epithelium cells, of which 58.8% were 
located in the same 15q11.2 region.37 Replication of 20 candidate CNVs with qPCR 
validated two CNVs in the same 13-year-old MZ twin pair. The twins had no large 
phenotypic discordances. The twin with three copies of both CNVs outperformed its 
cotwin (with 1 and 2 copies, respectively, for each of the CNVs) on school achieve-
ment. This study also compared CNVs derived from peripheral blood or buccal epi-
thelium cells in the complete group of 1097 MZ twin pairs. While more CNVs were 
found in DNA from blood, buccal epithelium DNA CNVs had higher concordance 
rates per twin pair.
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As de novo postzygotic mutations may arise at each cell division, it is believed 
that somatic mutations accumulate with age and that aging might even be a conse-
quence of the accelerated accumulation of somatic mutations.38 A study of twins 
and singletons investigated CNV accumulation with age.39 In a healthy cohort of 
159 MZ twin pairs and 296 singletons, CNVs were compared in a younger (≤55) 
and older (≥60) age group. In contrast to the younger group, where no large CNVs 
were detected, 3.4% of subjects in the older age group had large CNVs, indicating a 
relationship between age and CNV occurrence in peripheral blood DNA. In addition, 
for 18 MZ twin pairs (50.7–72.6 years of age at baseline), data on small CNVs were 
available longitudinally, measured ten years apart. The longitudinal data showed that 
both increases and decreases in the number of CNVs can be observed. Thus, CNVs 
appear to accumulate with age, but the populations of peripheral blood cells with 
CNVs are not stable.

The discordant MZ design also is a tool to identify trait- or disorder-associated 
genetic variants. An early study of whole-genome sequencing in MZ discordant 
twins was published in 2010.40 In addition to whole-genome DNA sequencing, this 
study also included data on mRNA sequencing, genome-wide SNP microarrays, and 
DNA methylation profiles with the objective to identify genetic, transcriptomic, and 
epigenetic differences between CD4+ T cells of three pairs of MZ twins discordant 
for multiple sclerosis (MS). Differences in SNPs, indels, CNVs, viral genome se-
quences, gene expression levels and CpG methylation levels could not be reproduc-
ibly detected in CD4+ T cells to explain MS discordance. While this early study on 
MS showed no clear differences within the MZ discordant pairs, this design has been 
applied with clearer results for CNVs. For example, comparison of CNVs in periph-
eral blood in a sample of 19 adult MZ twin pairs, of which 9 pairs were discordant 
for neurodegenerative disorders and 10 pairs were phenotypically unselected, found 
a larger number of CNVs in the disease discordant than in the other MZ twin pairs.41 
While some of the CNVs reported in the discordant MZ twins might be pathogenic 
for the neurodegenerative disorders, the authors stressed that replication in larger 
samples across multiple (relevant) tissues is necessary. As the last example, a study 
investigating the contribution of the number and the size of CNVs in attention prob-
lems identified 8 pre- and 18 post-twinning CNVs in 50 MZ twin pairs. In this group, 
for 25 MZ pairs both parents were genotyped so that pretwinning de novo CNV 
events could be detected.42 Of the three possible pretwinning de novo CNVs that 
were included in a qPCR replication study, one pretwinning de novo CNV mutation 
was confirmed, where both MZ twins had a duplication on chromosome 15q11.2. 
This region contains the gene HERC2P3, which is expressed in the human brain. 
However, both twins scored in the normal range for attention problems.

32.2.3 Sequence differences between dizygotic twins
Classical twin models assume that MZ twins are genetically identical and that 
dizygotic (DZ) twin pairs and full siblings share on average 50% of their DNA 
sequence.28 This last assumption can be tested empirically by estimating the amount 
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of genetic material that DZ twins or full siblings have inherited identical-by-descent 
(IBD). DNA segments are IBD if they are inherited from a common ancestor without 
recombination. This is in contrast to identity-by-state sharing, where DNA segments 
are identical between pairs of individuals, but do not need to derive from a common 
ancestor.43 Genome-wide microsatellite markers data and SNP data indicated that the 
proportion of IBD sharing between DZ twins and full siblings ranges from 42% to 
58%, and confirmed that the average is indeed close to 50%.44,45

32.3 Epigenomics
32.3.1 What is epigenomics and how do we measure the 
epigenome?
With the exception of de novo somatic mutations, all cells in the body have the same 
DNA sequence (except for red blood cells that do not contain DNA), and differences 
between cell functions are mainly due to differences in which parts of the DNA 
sequence are expressed in different cells. Gene expression also is modified in response 
to developmental and environmental cues46 and is under tight control through multiple 
regulating mechanisms.47 Gene expression occurs in regions of the DNA where the 
chromatin permits transcription.48 Chromatin is the macromolecular complex that 
is responsible for condensing DNA into smaller packages of chromosomes and is 
built up of nucleosomes; a segment of DNA wound around eight histone proteins.13 
Approximately 99% of a cell’s genome is located in so-called heterochromatin, a 
highly compact state where the DNA is not accessible for transcription.48 At present, 
15 distinct chromatin states have been characterized.49

Epigenomics is the comprehensive study of the mechanisms that control gene ex-
pression by influencing the accessibility of the genome for transcription and/or the abil-
ity of the transcription machinery to adhere to accessible DNA segments.48 Multiple 
systems cooperate in epigenetic control: DNA methylation (addition of a methyl group 
to DNA), histone modification (e.g., methylation or acetylation of histone proteins), 
nucleosome remodeling (change the position of the DNA wrapped around the nucleo-
somes), and noncoding RNAs (ncRNAs; which are functional RNA molecules that are 
transcribed from DNA but not translated into proteins and which can influence DNA 
methylation and histone modifications).46 Here our focus is mainly on DNA methyla-
tion, which is the best-studied epigenomic mechanism in human studies including twin 
studies and is currently the only one that is suited for assessment in large-scale human 
epidemiological studies. The relationship between DNA methylation and transcription 
depends on the genomic context: whereas DNA methylation at gene promoters is usu-
ally associated with transcriptional repression, gene body methylation is a feature of 
actively transcribed genes. Methylation occurs at the C5 position of the aromatic rings 
of cytosines (5-methylcytosine). This can occur at any cytosine, but in humans, DNA 
methylation happens almost exclusively at regions of DNA where a cytosine nucleo-
tide is followed by a guanine nucleotide (CpGs). CpG sites tend to cluster in so-called 
CpG-islands, regions of at least 200 base pairs consisting of 55% or more CG sites.50
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Several methods for the analysis of epigenomics are available, of which microar-
rays and sequencing are the main ones. The most frequently used technologies make 
use of a bisulfite treatment step of the DNA. Unmethylated cytosines are converted 
to uracil by sodium bisulfite treatment.51 In PCR amplification uracil is recognized as 
thymine, as methylated cytosines are immune to the bisulfate conversion they remain 
cytosines, therefore methylated cytosines can be distinguished from unmethylated 
cytosines.52 The bisulfite-treated DNA is then introduced to a methylation microar-
ray which typically includes several hundreds of thousands of probes. The most com-
monly used Illumina microarrays return, for each interrogated site, the methylation 
level (proportion of methylated alleles).53,54 In DNA that is derived from a mixture 
of cells, such as found in whole blood, the methylation level represents a continuous 
variable with values that may range between zero and one. For example, a methyla-
tion level of 1 means that all DNA strands had a methyl group attached at this posi-
tion and a value of 0.5 that 50% of all DNA strands had a methyl group attached at 
this position. Intermediate values arise when a position is methylated in a fraction of 
cells or on one of the two chromosomes.

32.3.2 Causes of epigenetic variation
The epigenome is often discussed in the context of environmental explanations 
for diseases, but the epigenome is also shaped by genetic influences. In fact, the 
epigenome may be a key mediator of the effects of common genetic variants on 
complex traits and disease, because these variants usually reside in regulatory 
regions (rather than protein-coding regions) of the genome.55 Disease-associated 
SNPs are often associated with expression levels of transcription factors, which in 
turn drive variation in the DNA methylation level of distal binding sites.56 Large-
scale methylation Quantitative Trait Loci (mQTL) analyses can map associations 
between genetic variants (typically, SNPs) and DNA methylation levels across 
the genome.57 As MZ twins share their genomes, such mQTLs contribute to their 
epigenetic similarity. In 49 MZ twin pairs from the Netherlands Twin Register,58 
DNA methylation was measured at ∼850.000 sites in the genome with the Illumina 
EPIC array in buccal samples, which consist for about 80% of epithelial cells 
and about 20% of white blood cells. After adjusting for cellular composition, the 
methylation levels of MZ twins were more similar at CpG sites whose methylation 
level was strongly influenced by SNPs than at CpG sites for which no significant 
mQTLs were detected.

DNA methylation profiles can be seen as complex traits, or phenotypes, and dif-
ferences between individuals may be analyzed by the classical twin design to esti-
mate heritability. Data from a large cohort of twins and family members from the 
Netherlands Twin Register were analyzed to estimate the overall heritability for DNA 
methylation levels at multiple sites. As the participants were genotyped, the variance 
explained by genome-wide SNPs could also be estimated. In follow-up analyses, in-
teractions of genetic and environmental influences with age and sex were examined.59 
All results are described in a catalog (http://bbmri.researchlumc.nl/atlas/). In 2603, 
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genotyped adult individuals (mean age 37.2, sd = 13.3, 66% females), DNA methyla-
tion was measured at ∼450.000 sites in the genome with the Illumina 450 k array. 
Based on the twin data, the total heritability was 19% on average across the genome. 
On average 7% (s.d. = 12%) of the variance of DNA methylation was explained by 
common genetic variants in the genome (hSNPs

2 ). Thus, the proportion of the total heri-
tability that can be explained by SNPs, i.e., h2

SNPs/h
2 was 0.37 (s.d. = 0.40).

Epigenetic differences between MZ twins are observed in tissues collected at 
birth,60 but may also emerge postnatally: results from both cross-sectional studies 
and longitudinal studies of adult twins suggest that the epigenomes of MZ twins 
diverge as they age.59,61,62 This means that the differences between individuals 
in a population become larger as a function of age; older individuals show more 
variation in DNA methylation level at these loci. With data from MZ and DZ twins, 
the causes of age-related changes in variance (genetic and environmental) can be 
examined by adding a moderator variable to the classical twin model63 to test the 
interaction between age and the genetic and environmental effects. Such models 
have found that age-interaction effects were widespread: 10.4% of all measured 
sites showed a significant interaction effect of age and genetic or environmental 
effects on DNA methylation level.59 At 82% of sites, the unique environmental 
variance changed with age. These sites typically showed an increase in the unique 
environmental variance and total variance with age, and a decrease of the heritabil-
ity. At 90% of sites with significant age interaction, the heritability was lower at 
age 50 than at age 25, although the difference in heritability between younger and 
older people was usually modest.

The average heritability of DNA methylation in blood is almost the same in males 
(mean h2 = 0.199) and females (mean h2 = 0.198), but a small percentage (0.7% of 
all measured sites) showed a significant interaction effect of sex and genetic or envi-
ronmental effects on DNA methylation level. At 59% of these sites, the heritability 
was lower in women. At 76% of all sites with significant sex interaction, the unique 
environmental variance (rather than the additive genetic variance) differed between 
the sexes. At sites with a lower heritability in females, the variance of DNA methyla-
tion due to environmental influences was usually larger in females. Such methyla-
tion sites with sex-specific variation in epigenetic regulation can be studied in future 
epigenetic studies of diseases with a sex-specific etiology.

32.3.3 MZ discordant design applied to epigenomics studies
Differences in DNA methylation and histone modifications within MZ twin pairs 
have been reported for multiple tissues and cell types, including blood cells, buccal 
cells, and fat.64 The distinct methylomes of MZ twins are even studied by forensic 
scientists to develop tools to distinguish MZ twins in forensic settings.65–70 Epigenetic 
differences between MZ twins can arise from stochastic (random) events, different 
environmental exposures of cotwins, and genetic mutations. Here, we highlight a few 
studies investigating epigenetic differences in (MZ) twins, for more detail, we refer 
the reader to review articles on this topic.64,71,72
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Stochastic variation can result from the imperfect molecular control of gene 
expression. For example, the maintenance of DNA methylation in dividing cells 
by DNA methyltransferases (DNA MTase, DNMT) enzymes is not 100% accurate. 
Differences in exposures and lifestyle, such as smoking behavior impact of on the 
epigenome of circulating cells. MZ twin pairs who are discordant for smoking show 
DNA methylation differences at several loci in white blood cells.73 This study of 
20 MZ pairs of which one twin smoked regularly and the cotwin never smoked 
or had stopped smoking more than 10 years ago confirmed several loci identified 
previously in epigenome-wide association studies (EWAS) that compared unrelated 
smokers to nonsmokers. Note that a key strength of the MZ twin design is that many 
alternative explanations are ruled out, because MZ twins are genetically identical. 
For example, one of the most strongly associated genetic variants for nicotine de-
pendence is located in the DNA methyltransferase gene DNMT3B,74 which might 
lead to differences in genome-wide DNA methylation between people with differ-
ent genotypes at this gene, regardless of their smoking behavior. This would be an 
example of a pleiotropic genetic effect, where a genotype influences genome-wide 
DNA methylation as well as smoking behavior. Because MZ twins carry the same 
genetic predisposition for nicotine dependence, potential pleiotropic effects of ge-
netic variants that influence multiple traits independently are not an issue in MZ 
twin studies.

Epigenetic differences between MZ twins may cause different usage of the identi-
cal DNA code. This can lead to extreme phenotypic differences,36 as illustrated by 
the study of one MZ pair, in which one twin had a severe congenital caudal duplica-
tion malformation and the other did not.75 There was a very strong candidate gene 
for the disorder, for which no DNA sequence differences were found. However, this 
gene showed strong epigenetic differences between the two girls.

Not all epigenetic differences that are observed in monozygotic twin pairs lead 
to phenotypic discordance. If the two twins are measured on, for example, different 
days, on different arrays, technical variation can lead to dissimilarity. Differences 
between twins in the cellular composition of blood samples can also contribute to 
differences in DNA methylation between MZ twins. Epigenetic differences can of 
course arise as a result of a disease of one twin, can represent a marker of a disease-
causing event, or can be caused by medication use of the affected twin. This opens up 
possibilities for the identification of dynamic epigenetic biomarkers (those that indi-
cate the emergence and progression of a disease or that indicate current exposure to 
a risk factor) and persistent epigenetic biomarkers of environmental exposures in the 
past.76 A study of 45 MZ twin pairs discordant for MS measured genome-wide DNA 
methylation in peripheral blood mononuclear cells and identified disease-associated 
methylation sites, loci where differences between twins in methylation level reflect 
whether a person is currently receiving interferon-beta treatment, and a locus whose 
methylation level reflected prior glucocorticoid treatment.77 Epigenomic studies in 
MZ twins can have more power than traditional case-control EWA studies78 and can 
contribute to our understanding of the underlying pathways and consequences of 
disease and to the identification of biomarkers.
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32.4 Transcriptomics
32.4.1 What is transcriptomics and how do we measure the 
transcriptome?
The mechanism by which cells copy DNA information into ribonucleic acid (RNA) is 
called transcription. In contrast to DNA, RNA is single-stranded and it contains uracil 
(U) bases instead of the thymine (T) bases found in DNA.14 During transcription one 
of the two DNA strands acts as a template for RNA synthesis. The sequence of the 
RNA is synthesized complementary to the nucleotides of the antisense DNA strand 
and is therefore a copy of the sense strand (with exception for the substitution of 
U for T). The entire length of a gene, both introns and exons, is transcribed. Next, 
RNA splicing removes the introns and combines the exons. Not all exons of a gene 
need be included in the final RNA transcript. Through alternative splicing, different 
combinations of exons allow for the production of different proteins from the same 
gene.14 Such protein-encoding RNA transcripts are referred to as messenger RNA 
(mRNA). Other types of RNA include ribosomal (rRNA; which forms the core of 
ribosomes where mRNA is translated to proteins), transfer RNA (tRNA; which 
is involved in the process of translation of mRNA into proteins by connecting 
amino acids for incorporation into the protein), and microRNA (miRNA; which 
is involved in regulation of gene expression).14,79 The analysis of the complete set 
of transcripts (RNAs) in a cell or the study of RNA or RNA variants is known as 
transcriptomics, often also referred to as gene expression studies. Similar to other 
omics, two techniques are common to study the transcriptome: microarrays and RNA 
sequencing (RNA-Seq).19

32.4.2 Causes of variation in gene expression levels
Like DNA methylation profiles, transcriptome profiles can be regarded as complex 
phenotypes, and differences between individuals may be analyzed by the classical 
twin design to decompose variation into genetic and nongenetic variance components. 
These analyses provide heritability estimates of gene expression which gives an 
indication of the extent to which the DNA sequence regulates its own expression. 
Below we give two illustrations of how twin studies shed light on the causes of 
variation in gene expression. Both studies derive from the Netherlands Twin 
Register. Wright et al. (2014) employed several methods to analyze variation in RNA 
microarray data. These included a classical twin design with MZ and DZ twin pairs, 
and a design with genotyped DZ twin pairs to obtain SNP-heritability estimates.80 
Gene expression of 18,392 genes was assessed in peripheral blood samples obtained 
from 2752 twins, including 690 complete MZ and 618 complete DZ twin pairs. 
Twin-based heritability across all RNA probes was 0.10 (sd = 0.14). To assess the 
contribution of heritability attributable to local genetic variation, SNPs were selected 
that were located 1 mega base upstream of a transcription start site and 1 mega base 
downstream of a transcription end site. Estimates of IBD sharing in DZ-twin pairs 
for these SNPs were used to estimate the ratio of h2

local IBD (that is, the variance in 
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gene expression level explained by all local genetic variants; both common and rare) 
to overall narrow-sense heritability of gene expression levels. The mean and median 
for the h2

local IBD/h2 ratio were 0.11 and 0.30, respectively, across all RNA probes. 
Second, local r2

Socal SNP (that is, the variance in gene expression level explained by 
most significant local SNP within 1 Mb) was estimated in unrelated participants 
using the GCTA software.82 The ratio of r2

local SNP to h2 had a mean = 0.04 and 
median = 0.09. These 2 sets of estimates are consistent with a higher explained 
variation from the total local contribution of a region.

The second study by Ouwens et al. (2020) focused on RNA sequence data and 
included a subsample of these same twin pairs. Classical twin and GRM- (Genetic 
Relatedness Matrices, based on SNP data) approaches were used to decompose tran-
scriptome variation from RNA sequence data into genetic and nongenetic variance 
components.81 Peripheral blood gene expression was obtained for 52844 genes in 
1497 twins, including 459 complete MZ and 150 complete DZ twin pairs.81 Herita-
bility of gene expression profiles based the classic twin design, was 0.20 on average. 
The mean contribution of the shared environment was 0.05 and the mean contribu-
tion of the unique (unshared) environment was 0.75. Next, this total (twin-based) 
heritability was compared to the heritability which could be attributed to genome-
wide SNP data. This was accomplished by creating two GRMs: one GRM containing 
all SNPs in a 250 kb window of a gene (referred to as cis), and one GRM including 
all autosomal SNPs for closely-related individuals in the dataset. Because of the 
large number of related individuals this last GRM captures genetic variance tagged 
by substantial IBD sharing, with the sum of the two effects being roughly equal to the 
total heritability, which contains the genetic variation in the cis-window a gene (h2

cis) 
and the residual heritability (h2

res). With this approach, an average total heritability 
of 0.26 was found, which correlated 0.98 with the h2 estimate obtained from twin 
modeling. The mean cis-heritability (h2

cis; that is, the variance in gene expression 
level explained by local SNPs) was 0.06, and a mean residual heritability of 0.20.

Both these studies were conducted in peripheral blood samples; however, gene 
expression can be tissue specific.83 For example, a study in 856 female twins (154 
complete MZ and 232 complete DZ twin pairs) investigated the heritability of ex-
pressed transcripts and performed cis- and trans-eQTL analysis of adipose and skin 
tissue and lymphoblastoid cell lines (LCL).84 Average heritability for these three 
tissue-types was 0.26 for adipose, 0.16 for skin, and 0.21 for LCL-based gene ex-
pression. The study also reported 3529, 2796, and 4625 adipose, skin and LCL cis-
eQTLs, and 639, 609, and 557 adipose, skin and LCL trans-eQTLs, respectively.

Multivariate extensions of the classic twin design are valuable to characterize the 
genetic and environmental correlations between multiple outcome traits, for example, 
between expression levels of different genes, or between gene expression levels and 
complex traits or diseases. A significant genetic correlation between multiple out-
come traits indicates that the observed phenotypic correlation between those traits 
is to a significant extent caused by overlapping genetic influences. An array-based 
transcriptome-wide analysis of blood pressure in peripheral leukocytes for 391 twins 
(193 complete same-sex pairs) identified that expression of the MOK gene was 



55932.4 Transcriptomics 

significantly associated with systolic blood pressure and this finding was replicated in 
an independent population cohort.85 Additionally, out of 40 genes whose expression 
levels were previously associated with blood pressure, this study replicated the effects 
of 12 genes. Heritability for the expression levels of these 12 genes ranged from 6% to 
65%. Bivariate models estimated the contribution of genes and environment to the as-
sociation of blood pressure and gene expression levels. The association of blood pres-
sure with CD97, TIPARP, and TPP3 expression levels was determined completely by 
shared genetic factors. By contrast, the association with LMNA, SLC31A2, TSC22D3, 
and TAGLN2 expression levels was determined completely by the environment. The 
association of CRIP1, F12, S100A10, TAGAP, and MOK expression levels with blood 
pressure were determined by both genetic and environmental factors.

After the successes of GWA studies for complex traits and disorders, it became 
clear that common genetic variants often did not fully account for the heritability of 
these traits as observed in twin-family studies.86,87 Gene finding for omics pheno-
types have been very successful, but for these traits we also observe a gap between 
the variance explained by omics QTLs and twin-based heritability estimates. Sev-
eral explanations for the “missing heritability” problem have been proposed.88 Most 
omics QTL studies have focused on common SNPs, while it is likely that rare genetic 
variants also contribute to the heritability of omics phenotypes. Gene–gene (GxG, or 
epistasis) and gene–environment (GxE) interactions have also been listed as possible 
reasons for “missing heritability.”88 With twin designs, both GxG and GxE effects 
have been identified for gene expression levels.89 For example, gene-by-body mass 
index (GxBMI) interactions on gene expression regulation were identified in a cohort 
of 856 female twin individuals with multitissue RNA sequencing data.90 In adipose 
tissue, this study found 16 cis and 53 trans GxBMI interactions. However, recent 
findings now strongly suggest that the “still missing heritability” of complex pheno-
types is accounted for by rare variants, in particular those in regions of the genome 
of low linkage disequilibrium.91

32.4.3 MZ discordant design applied to transcriptomics studies
The MZ discordant design has been frequently used to identify differentially 
expressed genes for various traits and disorders. Such differentially expressed genes 
may provide insight in the underlying biology of traits and disorders and could 
shed light on disease mechanisms. Below, we give two examples to illustrate the 
strength of the MZ discordant design for transcriptomics studies. Examples of other 
traits and diseases for which gene expression has been investigated in discordant 
MZ twin pairs include Type I Diabetes,92,93 Rheumatoid Arthritis,94 treatment of 
Childhood Primary Myelofibrosis,95 hormone replacement therapy,96 Parkinson’s 
Disease,97 Schizophrenia and Schizophrenia treatment,98,99 Bipolar Disorder,100 
sleep duration,101 and neurodevelopmental disorders due to trisomy’s, such as Down 
Syndrome.102,103

Our first example concerns obesity. A study of mitochondrial DNA gene ex-
pression in subcutaneous fat and peripheral leukocytes in 14 obesity-discordant 
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MZ twin pairs detected upregulation of genes involved in inflammatory pathways 
and downregulation of genes in mitochondrial branched-chain amino acid catabo-
lism in obese twins as compared to their lean cotwins.104 Additional evidence that 
obesity is associated with dysregulation of cellular metabolism and mitochondrial 
function comes from a BMI-discordant MZ study on the role of sirtuin (SIRT) 
and NAD+ biosynthesis gene expression pathways in obesity.105 The NAD+/SIRT 
pathway is involved in sensing energy levels within cells, with the SIRT proteins 
involved in, for example, mitochondrial oxidation, lipid oxidation, lipolysis, and 
adipogenesis. This study found that, compared to their leaner cotwins, heavier MZ 
twins had reduced expression of genes involved in mitochondrial unfolded protein 
responses and SIRT and NAD+ biosynthesis and increased poly-ADP ribose poly-
merase (PARP) activity in subcutaneous adipose tissue (SAT). Transcriptomics 
studies in obesity-discordant MZ twins also identified obesity subtypes based on 
transcriptomic profiles and correlations with clinical characteristics. A study in 26 
BMI-discordant MZ twin pairs revealed three distinct subgroups based on their 
molecular profiles and showed that for subgroup one the transcriptional differences 
between the heavy and leaner cotwins were benign, transcriptional differences be-
tween the MZ twins in subgroup two appeared to be characterized by downregula-
tion of mitochondrial function in the heavy twins, and subgroup three showed a 
clear inflammation pattern in addition to the downregulated mitochondrial function 
in the heavy twins.106

The second example of the MZ discordant design involves multiple pheno-
types. In order to identify differentially expressed genes for multiple phenotypes 
and integrate mean expression differences across phenotypes, Tangirala and Patel 
(2018) performed a meta-analysis of MZ discordant studies for seven phenotypes, 
based on studies from public repositories including ten or more MZ twin pairs.107 
These studies focused on ulcerative colitis, chronic fatigue syndrome, physical 
activity, intelligence quotient (IQ), intermittent allergic rhinitis, major depressive 
disorder (MDD), and obesity, with gene expression data measured in different tis-
sues, including peripheral blood, lymphoblastoid cell lines, adipose tissue, muscle 
tissue, and colon tissue. For each of the seven phenotypes, differential gene ex-
pression analysis was performed and results were meta-analyzed per phenotype 
at the gene level. In total, 5% of the genes in the datasets were significantly dif-
ferentially expressed between discordant MZ twins across all phenotypes. Little 
overlap in the differentially expressed genes was observed among the phenotypes, 
with an average overlap of 0.009%. Meta-analysis of each gene across the seven 
phenotypes identified no genes that were both overall significant and significant 
for the individual phenotypes. Differential gene expression for most genes was not 
heterogeneous across the multiple phenotypes. Overall, this study found a small 
common gene expression signature across the seven phenotypes, where 0.08% of 
the full list of differentially expressed genes (across all seven phenotypes) were in 
fact differentially expressed across all seven phenotypes in discordant MZ twins. 
The study concluded that the majority of differentially expressed genes are pheno-
type specific.



56132.4 Transcriptomics 

32.4.4 Other applications of twin research in transcriptomics studies
The discordant MZ design is often expanded to include discordant DZ twin pairs 
or case-control groups of unrelated individuals. Effects in this last group represent 
associations at the population level. A comparison between the unaffected MZ twins 
from discordant pairs with healthy unrelated controls provides information regarding 
whether these two groups have comparable transcription levels, or whether unaffected 
twins exhibit a disease-related profile that is more similar (although perhaps milder) 
to that of their affected cotwin. Gene expression studies in peripheral blood samples 
for systemic autoimmune diseases, such as rheumatoid arthritis or systemic lupus 
erythematosus, reported 92–537 differentially expressed genes between probands and 
unrelated matched controls.108,109 They also reported that both human and viral gene 
expression levels of the unaffected twins were intermediate between the expression 
levels of their affected cotwin and the healthy unrelated controls. Therefore, they 
concluded that the unaffected MZ twins may be in a transitional or intermediate state 
of immune regulation.108

MZ twin pairs concordant for a disorder may still present discordant phenotypes 
with unique transcriptomics profiles. For example, miRNA expression of placenta 
samples in mono-chorionic twin pairs with (N = 17) and without (N = 16) selec-
tive intrauterine growth restriction (sIUGR) identified seven upregulated and seven 
downregulated miRNAs among the larger sIUGR twins as compared to their smaller 
cotwins.110 This study showed that pathogenesis of sIUGR is associated with miR-
NA pathways involved in organ size, cell differentiation, cell proliferation, and cell 
migration. Longitudinal designs can be strengthened by inclusion of MZ twin pairs, 
as these designs are robust for changes in gene expression profiles due to genetic li-
abilities. A longitudinal MZ design in 235 MZ twin pairs was used to assess the tran-
scriptional changes in the blood associated with cognitive ability differences over a 
10-year interval.111 While this study found no significant transcripts associated with 
cognitive level or cognitive change over time, it reported two suggestive transcripts; 
POU6F1 was negatively associated with cognitive level and MAD2L1 was positively 
associated with cognitive change. In addition, gene set enrichment analyses indi-
cated that genes involved in protein metabolism, translation, RNA metabolism, the 
immune system, and infectious diseases were correlated with lower cognitive levels 
and cognitive decline. Similar results had previously been observed in individuals 
with cognitive impairments, indicating these pathways could play a role in aging and 
cognitive aging in general.

The discordant MZ twin pair design is a valuable tool to examine causality,112 as 
illustrated by an example study that aimed to identify gene expression profiles for 
smoking behavior and to elucidate whether such gene expression profiles are cause 
or consequent of smoking.113 In two Dutch population-based cohorts peripheral 
gene expression microarray data were available for 743 current smokers, 1686 never 
smokers, and 890 former smokers (age range: 18–88 years). The study identified 
220 gene expression probes (of 132 genes) differentially expressed between current 
and never smokers, that were enriched for immune system, natural killer cells, blood 
coagulation, and cancer pathways. The expression levels of the 132 smoking-related 
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genes were compared between current and former smokers and between former and 
never smokers, as this comparison informs on the reversibility of gene expression 
levels. Six out of 132 smoking-related genes smoking had irreversible effects on gene 
expression levels, 31 out of 132 genes were slowly reversible (expression patterns 
differ between current and former smokers and between former and never smokers) 
and 94 out of 132 were reversible. Comparisons of gene expression levels of the 132 
smoking-related genes in MZ twin pairs discordant for smoking behavior (N = 56 
pairs) identified 6 differentially expressed genes, indicating these expression levels 
changed as a consequence of smoking behavior. Successful look-up of cis-eQTLs 
of the smoking-related genes in a GWA for number of cigarettes smoked per day 
suggested that GPR56 and RARRES3 expression are causative for smoking behavior. 
Thus, the majority of gene expression differences in smoking behavior are a conse-
quence rather than a cause of smoking, which can be largely reversed after cessation 
of smoking.

32.5 Metabolomics
32.5.1 What is metabolomics and how do we measure the 
metabolome?
Metabolites are the small molecules, with low molecular weight (<1 kDa), that 
are involved in cellular metabolism.114 In the human body, metabolites have 
numerous functions, including structure formation, signaling, and energy storage.115 
Metabolites can be endogenous (i.e., originate from within an organism) or 
exogenous (i.e., originate from outside of an organism, e.g., toxins, drugs, and 
nutrients)116 and are a highly diverse set of molecules that include amino acids, keto 
acids, sugars, and lipids.117 The metabolome is the complete set of metabolites that 
can be measured within a specific biofluid (e.g., serum, plasma, urine, cerebrospinal 
fluid, or saliva) or tissue sample.118 Metabolomics is the study of the metabolome of 
a biological system, for example, a tissue, cell, or entire organism.119 As the field of 
metabolomics includes a broad spectrum of molecular species of different (physical) 
chemical nature, many metabolomics subtypes focusing on specific molecule types 
have arisen. One can think of subtypes that are aimed at exogenous molecules taken 
up by the organism (drugs, nutrients), or molecules involved in specific biological 
pathways or systems (hormones, lipids). Among the most studied metabolomics 
subtypes is lipidomics, the study of lipids.120 Metabolomics strategies focusing 
on known metabolites, often of similar chemical structures, are called targeted 
metabolomics and are common in hypothesis testing. Nontargeted metabolomics 
aims for global detection of a wide range of metabolites and are commonly used to 
identify changes in metabolites between conditions without a priori knowledge of 
relevant biological pathways.121 The number and variety of measured metabolites for 
targeted and nontargeted strategies depend on the sensitivity of the chosen analytical 
chemical technology.
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Different combinations of separation and detection methods are applied in metab-
olomics.116 Nuclear magnetic resonance (NMR) spectroscopy, liquid-chromatogra-
phy mass spectrometry (LC-MS), and gas-chromatography mass spectrometry (GC-
MS) are the most widespread platforms.122 Most NMR metabolomics studies focus 
on proton (1H) NMR spectroscopy, because it has higher sensitivity then carbon 
(13C) NMR spectroscopy due to the low natural abundance of carbon (∼1.1%).123 
The identification of metabolites with 1H-NMR is based on the so-called “chemi-
cal shifts” of the signals and the relative intensity of these signals. The chemical 
shift in NMR is the variation in resonance frequencies of protons due to different 
compositions of the surrounding molecules, with respect to a reference frequency 
or sample.124 Like in nuclear magnetic imaging (MRI), an NMR signal is produced 
by aligning the spin states of all protons via a strong magnetic field. Next, an elec-
tromagnetic pulse in the radio frequency range is applied to the sample, causing the 
proton spin states to resonate. The energy emitted from the protons as they relax from 
the excited spin state to the one before the pulse is measured.125

MS determines the molecular weight of metabolites by measuring the mass to 
charge ratio (m/z).126 Prior to MS, separation is important to separate analytes with 
identical m/z values, to prevent high-abundance metabolites to dominate the MS 
spectrum, or to select which metabolites may pass into the mass spectrometer. GC- 
and LC-MS are most commonly applied in metabolomics studies. In GC-MS, metab-
olites injected into the chromatographic device are heated to approximately 300°C to 
convert them to a gaseous state. Separation of the metabolites depends on their vola-
tility, as more easily evaporated metabolites are driven through the chromatographic 
column, and subsequently to the detector, faster than less volatile metabolites.127 
LC-MS setups can be distinguished by separation on hydrophobicity or polarity. In 
reversed-phase chromotography, dissolved metabolites bind to the column (the sta-
tionary phase) based on their hydrophobic interactions with the hydrophilic liquid 
(the mobile phase) in the column. By making the mobile–mobile phase more hydro-
phobic, the metabolites are eluded from the column, toward the entrance of the mass 
spectrometer, by use of a strong hydrophobic solvent.128,129 Normal phase LC-MS 
is based on the polarity of the metabolites rather than their hydrophobicity.130 After 
separation metabolites are destructed into charged fragments. The fragment compo-
sition after destruction serves as a fingerprint for the molecule type and hence enables 
identification of a given metabolite. The gas-phase ionic fragments are generated by 
the mass spectrometer at its ionization source where molecules are charged by the re-
moval of electrons. After ionization, the ions enter the mass analyzer through which 
the ions travel based on its m/z ratio. The ionized sample hits the detector, where the 
number of separated ions with particular m/z values is recorded (mass spectrum).128

32.5.2 Causes of variation in metabolite levels
Differences in metabolite levels among individuals reflect individual differences in 
genetic make-up, physiology, lifestyle, and behavior or responses to environmental 
factors.131 Similarities in genetic and environmental backgrounds between individuals 
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result in more similar lipid profiles, as shown through hierarchical clustering of 
plasma lipids (LC-MS) in young adult twins and nontwin siblings.132,133 Twin-
family studies estimated the heritability of metabolite levels from approximately 0% 
to 80%.134–139 The average heritability observed for metabolite levels differs among 
metabolites classes. For example, one study estimated the total and SNP-based 
heritability of 1097 metabolites (UPLC-MS/MS) in plasma for 1111 individuals, 
and reported that the median total heritability for lipids was 37% and for amino acids 
40%.140 This is in contrast to heritability estimates derived from a study in 221 MZ 
and 340 DZ twin pairs, that found higher heritability estimates for NMR-measured 
lipids (range: 0.48–0.62) and lipoproteins (range: 0.50–0.76) than for amino acids 
and other small molecules (range: 0.23–0.55).141 A higher heritability for LC-MS 
measured amino acids than lipids was also seen in a family cohort.142 The same study 
reported higher heritability levels for essential amino acids than for nonessential 
amino acids. Heritability differences among lipid species were also found in twin and 
family studies of lipidomics data that reported that sphingolipids and glycerolipids 
tended to have higher heritability estimates than phospholipids.140,143,144

The influence of genetic factors on metabolites levels has also been substantiated 
through genetic association studies that successfully identified metabolite QTLs.145 
For example, in serum samples from 79 MZ twin pairs, 215 DZ twin pairs, and 413 
unrelated individuals, the genetic influence on metabolite levels as obtained from 
two metabolomics platforms were compared,146 with 160 metabolites measured on 
a targeted platform (FIA-MS/MS) and 488 metabolites on a nontargeted platform 
(combination UHPLC-MS and GC-MS), with 43 metabolites measured on both plat-
forms. The mean correlation between these 43 overlapping metabolites was 0.44, 
and 29 of these 43 metabolites were heritable on both platforms, with heritability 
estimates ranging from 0.29 to 0.72. For all metabolites on both platforms, GWA 
identified 61 significant metabolite-SNP associations at 26 independent loci. Of 
these 26 loci, 19 loci were associated with metabolites measured on one platform, 
and 7 loci were associated with six metabolites measured on both platforms. This 
study observed moderate heritability (h2 > 0.26) and correlation (r > 0.38) among 
five of the metabolites associated with the seven loci. Here, the main message is that 
genetic influences on metabolite concentrations can be observed from data generated 
by different platforms, possibly utilizing different techniques (NMR vs MS). Even 
when concentrations of the same metabolite measured by different platforms corre-
late only moderately (due to e.g. experimental differences) and have only moderate 
heritability, the interaction with genetic variants may remain detectable. This enables 
combining/extending studies based on different platforms.

Metabolite QTL information can be used to obtain additional insights into the 
genetic architecture of metabolite classes. A recent study investigated the heritability 
of 361 metabolites, in a cohort of 5117 twin-family members (mean age: 42.1), with 
an extended GRM-based approach.147 Four GRMs were obtained based on twin and 
SNP information: two GRMs defined the total (h2

total) and SNP-based heritability 
(h2

SNP), and two GRMs defined the contribution of metabolite QTLs of the same or 
of different metabolite classes. These last two GRMs included all loci from GWA and 
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(exome-) sequencing studies published between November 2008 and October 2018, 
which identified >800 loci associated with metabolite levels. In this study, the 361 
metabolites could be classified as 309 lipids and 52 organic acids and were measured 
on four different metabolomics platforms (NMR and MS). The mean and median h2

total 
for lipids both were 0.47. For the organic acids mean and median heritability were 0.41 
and 0.40. The median heritability captured by all metabolite QTLS (h2

metabolite-hits) was 
0.06 for lipids and 0.01 for organic acids and was mainly attributable to with class-
specific hits. Differences in heritability estimates among subclasses of organic acids, 
lipids, and among lipid species were investigated with mixed-effect meta-regression 
models. These analyses demonstrated that subclasses of lipids and organic acids dif-
fered significantly in h2

metabolite-hits and that higher degrees of unsaturation in phos-
phatidylcholines is associated with higher estimates of h2

metabolite-hits.
Unlike the influence of genetic factors on metabolite levels, contributions of the 

environment shared by family members has been less well characterized and here 
the classical twin design is of substantial value. An NMR metabolomics twin study 
in 221 MZ and 340 DZ twin pairs (aged 22–25 years) for 216 metabolites reported 
that a model including shared environment was the best one for only 31 metabolites 
(variance explained by shared environment ranged between 15% and 38%).141 For 
6 of these 31 metabolites shared environment explained all familial resemblance. 
Thus, shared environment influences metabolite levels for a minority of metabolites 
in a young adult population. In contrast, a family-based FIA-MS/MS metabolomics 
study in 48 individuals from 16 families (12 parents [mean age = 42] and 26 chil-
dren aged 8–18 years) reported shared environmental influences for 55 out of 147 
measured metabolites.148 A study from the Netherlands Twin Register estimated the 
contribution of genetic and shared environmental influences on 237 metabolite levels 
measured on three platforms (NMR, FIA-MS/MS, and LC-MS) in 886 MZ and 601 
DZ adult twin pairs (mean age = 35).149 A significant contribution of shared envi-
ronment was reported for 6 out of 237 metabolites (25% explained variance, range 
17%–43%) only. Together these studies indicate that the common environment does 
not play a large role in adult metabolite levels and that substantial effects are mostly 
found in studies that include younger participants or small sample sizes.

The value of multivariate extensions of the classic twin design for multiple me-
tabolites was highlighted in a study of 221 MZ and 340 DZ young adult twin pairs 
that explored the association of serum n-6 and n-3 polyunsaturated (PUFAs), mono-
saturated (MUFAs), and saturated (SFAs) fatty acids with NMR-measured lipopro-
tein particle concentrations.150 Bivariate models were applied to those metabolites 
with a phenotypic correlation of ≥0.3. The bivariate analysis of total n-6 PUFAs and 
Linoleic Acid (LA) with triglyceride and VLDL particles showed that approximately 
half (44%–56%) of the phenotypic covariance between the metabolites pairs was due 
to genetic factors. For MUFAs genetic factors explained more than half of the pheno-
typic variance between the metabolites, with bivariate heritability estimates of ∼80% 
of MUFAs and HDL-related metabolites and of 58% to 66% for MUFAs and triglyc-
eride and VLDL subclasses. Thus, shared genetic factors play a large role in explain-
ing the associations of PUFAs and MUFAs with lipoprotein particle concentrations.



566 CHAPTER 32 Twins and omics: the role of twin studies in multi-omics

32.5.3 MZ discordant design applied to metabolomics studies
In contrast to epigenomics or transcriptomics studies, in metabolomics studies 
the MZ discordant design is less frequently applied. One example concerns an 
application to schizophrenia. An 1H-NMR metabolomics study in plasma samples 
of 21 schizophrenia discordant MZ pairs and 8 pairs of matched unaffected MZ 
pairs showed that signals for VLDL and LDL lipoproteins and aromatic metabolites 
were the most important to differentiate affected, unaffected and control twins.151 
The differentiation between affected and unaffected twins was more pronounced 
for female twin pairs. In discordant pairs, MZ twins with schizophrenia had a 23% 
increase in plasma VLDL signals and a 14% reduction in plasma aromatic metabolites 
as compared to their unaffected cotwin.

While the MZ discordant design has not often been applied as the main analysis in 
metabolomics studies, a design with discordant MZ twin pairs to test for replication 
has gained popularity. Examples include blood metabolomics profiles of food prefer-
ence and nutrition136,152–154 and a recent study of urinary metabolites and neurotrans-
mitter ratios, as measured with LC-MS and GC-MS, and childhood aggression.155 The 
discovery sample in the aggression study had 783 MZ and DZ twins, the replication 
sample 189 MZ twin pairs discordant for aggression, and had an additional validation 
sample of 183 unrelated children who had been referred to a child psychiatry clinic. 
Positive associations were reported for two metabolites and childhood aggression in 
the discovery phase. The study did not replicate or validate its findings, but provided 
suggestive evidence linking childhood aggression to metabolic dysregulation in en-
ergy metabolism, oxidative stress, and neurotransmission pathways.

32.5.4 Other application of twin research in metabolomics studies
Discordant DZ twin pairs control for shared environmental factors and partially for 
genetic factors. While such a design weakens the ability to control for genetic factors, 
inclusion of DZ pairs would increase statistical power as discordant MZ twin pairs, 
particularly longitudinally discordant MZ twin pairs, are relatively scarce. A study 
investigating the long-term effect of physical activity on the serum NMR metabolome 
selected 16 same-sex twin pairs (7 MZ and 9 DZ pairs; age range: 50–74 years) 
longitudinally discordant (32 years) for leisure-time physical activity in addition 
to three independent population cohorts with longitudinally (>5 years) active and 
inactive participants (N = 1037, mean ages: 31–52 years).156 Compared to persistently 
inactive individuals, the serum metabolome of persistently active individuals was 
characterized by lower concentrations of very-low-density lipoprotein particles, 
α1-acid glycoprotein, glucose, isoleucine, and polyunsaturated fatty acids and by 
higher concentrations of large and very large high-density lipoprotein particles and 
saturated fatty acids.

A discordant MZ twin pair design is suited for dichotomous traits such as pres-
ence or absence of disorders. For continuous traits, paired differences between MZ 
twins also inform about associations of omics profiles with such traits, adjusted for 
shared genetic, and environmental factors. A recent paper incorporated this strategy 
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to elucidate plasma metabolite profiles for metabolic risk factors.157 For 40 MZ twin 
pairs (mean age 30.7 years) 111 plasma UPLC-MS metabolites were measured as 
well as blood lipids, fasting glucose, fasting insulin, C-reactive protein (CRP), adi-
posity measures and homeostasis model assessment (HOMA). First, the 93 metabo-
lites that survived quality control were regressed against the adiposity and blood 
biochemistry measures, while accounting for twin relatedness. After correction for 
multiple testing, 18 metabolites were significantly associated with adiposity measures 
(BMI, percentage of body fat, abdominal visceral adipose tissue, and liver fat) and 
24 with blood biochemistry measures (HOMA, CRP, triglycerides, and high-density 
lipoprotein cholesterol [HDL-C]). Next, follow-up with within-twin pair moderated 
t-tests (this type of t-tests uses the square root of the moderated variance as the SD 
instead of the sample variance) showed that the associations of 9 metabolites with 
adipose measures and of 10 with blood biochemistry measures (only HDL-C) were 
independent of confounding factors shared by twins.

32.6 Twin studies in other omics domains
We have considered in some detail the value of twin studies in genomics, epigenomics, 
transcriptomics, and metabolomics, but other omics domains also benefited from 
twin research. Proteomics is the large-scale study of the entire range of proteins, the 
vital molecules that have direct involvement in cellular function,158 in a cell type 
(proteome).159 Protein synthesis is accomplished by converting the information 
contained in the mRNA sequence to amino acids, a process called translation. Decoding 
of mRNA is done by the ribosomes where mRNA travels through the ribosome to 
translate one codon (block of three mRNA nucleotides) at a time to an amino acid, 
in this process, tRNA is responsible for forming the covalent peptide bonds between 
the amino acids.14 As proteins are three-dimensional structures, folding forms the 
final protein structure. Some proteins fold spontaneously while they are released 
from the ribosome, while most others require molecular chaperones to help them fold 
correctly.160 Large-scale high-throughput proteomics studies predominantly employ 
two types of analytical strategies. The first uses analytical protein microarrays that 
rely on antigen-antibody pairing.161 While protein microarrays have good sensitivity 
and reproducibility,161 they are limited in the number of proteins, and the specific 
group of proteins or molecular pathways they can assess. Therefore, MS-based 
proteomics provides a more versatile analytical strategy.

Regardless of the analytical strategy, sample preparation for proteomics experi-
ments are labor-intensive, often involving multiple steps such as purification, enzy-
matic digestion, cell lysis, and solid-phase extraction.162 The challenges in sample 
preparation, combined with those in protein and peptide identification, means that 
large-scale proteomics studies remain relatively expensive and proteomics has not 
been as extensively studied in twins. The discordant MZ design has been applied 
to characterize proteomic profiles for BMI,163 ischemic stroke,164 bipolar disor-
der,165 fatigue,166,167 hormone replacement therapy,168 strabismus,169 and multiple 
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autoimmune disorders.170 Twin studies using various other designs have also been 
applied to proteomics studies. For example, in 15 pairs of opposite-sex DZ twins, 
sex-specific differences in LC-MS proteins of human endothelial cells were investi-
gated.171 This study reported small (average fold difference of 1.1–1.2) sex-specific 
differences in protein levels for approximately 10% of the measured proteins.

Another omics type that has benefitted from twin studies is the microbiome, 
which is the total ecological community of microorganism such as bacteria, fungi, 
and viruses that live on and inside our body.172 Techniques to examine the human 
microbiome assess both structure and function of the microbiome. The most com-
mon application is structural, aimed at cataloging which microbes are present and 
what their relative abundance is.173 This can be done by sequencing the gene that 
encodes the RNA component of the small ribosomal subunit (16S rRNA), followed 
by taxonomy of the 16S rRNA sequences.174 Twin studies suggest a greater similar-
ity for measures of relative abundance in MZ than in DZ twins.175–178 Environmental 
factors, ranging from pre- and perinatal conditions to household sharing, may be 
important contributors to the microbiome composition.178 Twin studies confirm that 
cohabiting MZ twin pairs have more similar microbiota communities than nonco-
habiting MZ twin pairs,179 and that cohabitation can make microbial strains more 
similar between twins.180 Rare SNVs in a fecal metagenomes sequencing study were 
assessed in a cohort of family members, including some twin families.181 Strain per-
sistence and within-family strain transmissions were analyzed from birth into adult-
hood. Strong evidence of transmission of maternal strains was seen for vaginally 
born infants. Later in childhood there was replacement by strains from the envi-
ronment, including those from family members, with fathers appearing to be more 
frequently donors of novel strains to other family members. Twins generally did not 
have more similar rare SNV profiles than nontwin siblings, consistent with findings 
from abundance studies.

Other omics domains can often be considered subtypes of the traditional omics 
domains. Subtypes of proteomics include for example glycomics (i.e., the study of 
glycosylation, or the attachment of glycans or carbohydrates to proteins),182 or phos-
phoproteomics (i.e., the study of proteins containing a phosphate group as a post-
translational modification).183 Fluxomics (i.e., the study of the rate of metabolite 
conversion or transportation in biochemical reaction networks),184 can be seen as a 
subtype of metabolomics. Many of these subtypes currently are not optimized for 
application on a large scale, and twin studies are scarce.

Finally, the exposome has been defined as the totality of exposure individuals 
experience over their lives.185 The exposome “summarizes” all environmental influ-
ences and is the accumulation of a person’s environmental exposures from concep-
tion onward. It characterizes the environmental exposures in space and time on omics 
and on other phenotypes or phenotypic development. The exposome comprises of 
three domains: (1) internal, (2) specific external, and (3) general external.6 The inter-
nal exposome refers to processes within the body, for example, body morphology or 
physical activity, but also encompasses the other omics layers such as the interactions 
between host and (gut) microflora (i.e., the microbiome). Specific external exposures 
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are the target of classic epidemiology studies and include exposure to environmental 
pollutants, diet, or lifestyle. General external exposures may include more general 
economic or social influences. An overview of twin studies in this research domain 
would go beyond the scope of the current chapter, but we note that twin studies indi-
cate that exposures that are commonly labeled “environment” may show substantial 
heritability.186,187

32.7 Discussion
We have considered and reviewed the value of multiple twin analytical designs in 
omics research, from the classical twin design which relies on the comparison of 
resemblance in mono- and dizygotic twin pairs to the discordant twin design. The 
classic twin design is still invaluable to determine the contribution of genetic and 
environmental factors on variation in omics levels, with one of its strengths being 
the possibility to distinguish shared and unique environment. The classic twin 
design can be extended in multiple ways. A particular strength is combining the twin 
design with genome-wide SNP data. A recent example of such a combined analysis 
investigated the heritability of blood metabolites.147 Based on the twin and SNP 
information, four genetic relatedness matrices (GRMs) among participants were 
obtained. Two GRMs defined the total and the SNP heritability. With the addition of 
two extra GRMs a distinction was made in the contribution of metabolite SNPs of 
the same or of different metabolite classes. Thus, this method relies on four GRMs: 
(1) a GRM including all autosomal SNPs for all closely-related individuals in the 
pedigree (h2

ped); (2) a GRM including all autosomal SNPs (excluding all metabolite 
QTLs ± 50 kb) for all individuals in the dataset (h2

g); (3) a GRM including the 
metabolite QTLs of a specific metabolite class for all individuals in the dataset (h2

class-

hits); and (4) a GRM including all metabolite QTLs (excluding all QTLs ± 50 kb 
as included in the third GRM) for all other metabolite classes for all individuals in 
the dataset (h2

notclass-hits). In this model, the total heritability (h2
total) is obtained by 

summing across all four heritabilities, SNP-based heritability is obtained by summing 
across the variance components obtained from the other 3 GRMs and the variance 
explained by all metabolite QTLs (h2

metabolite-hits) can be obtained by summing 
h2

class-hits and h2
notclass-hits. By specifying separate variance components for h2

class-hits 
and h2

notclass-hits metabolite QTLs of the same metabolite class were found to have 
higher heritability than metabolite QTLs of all other metabolite classes. The study 
reported nonzero median h2

notclass-hits estimates, suggesting that metabolite QTLs 
of other metabolite classes contribute to variance in metabolite levels. This may 
mean that more powerful GWA or sequencing studies will find associations of these 
QTLs for the relevant metabolites or this could be a reflection of metabolic networks 
which can span across distinct metabolite classes. This example and similar studies 
demonstrate the versatility of combining twin data with genome-wide SNP data. 
Thus, joining new omics analytical strategies with twin data will be of great benefit 
to omics research.
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Multiple popular analytical strategies in omics research may benefit from includ-
ing twin data. First, GWA studies have demonstrated that most complex traits and 
disorders have a highly polygenic nature. To capture polygenic signatures at the indi-
vidual level, polygenic scores can be constructed.188 Polygenic scores are calculated 
by computing the sum of the risk alleles an individual carries at a particular locus, 
weighted by the locus effect size, as obtained from a GWA. Similar scores can now 
be constructed from other omics data, for example, DNA methylation scores,76,189 
the epigenetic equivalent of polygenic scores. DNA methylation scores have been 
explored for traits such as BMI190 and smoking.191 DNA methylation scores hold 
promise as disease biomarkers that, in contrast to polygenic scores, can capture the 
cumulative and long-term effects of lifetime environmental exposures and the dis-
ease process itself. The MZ twin design offers a unique opportunity to examine if 
prediction of disease risk can be improved by combining polygenic scores with epi-
genetic scores. MZ twins have identical polygenic scores, yet their discordance rate 
for many diseases is high, illustrating that the accuracy of polygenic scores will never 
be perfect. Future studies can examine if epigenetic scores can aid further stratifica-
tion of disease risk in individuals with identical polygenic scores.

Second, omics data can be used to construct predictors of biological aging and 
mortality. Well-established predictors rely on epigenetic markers to create the so-
called epigenetic clocks.192 Epigenetic clocks have also been investigated in twins. 
These studies indicated that the rate of epigenetic aging of MZ cotwins age tends to 
be similar but is often not identical and these differences in epigenetic aging between 
MZ cotwins have been associated with traits such as the cerebroplacental ratio (re-
flects fetal adaptation to hypoxic conditions),193 and grip strength.194 No differences 
in epigenetic aging between MZ cotwins were reported for studies investigating, for 
example, the association with leisure-time physical activity,195 depression symptom-
atology in elderly twins,196 or cognitive functioning.197 While epigenetic clocks are 
frequently used to determine biological aging, clocks based on data from other omics 
domains are also being developed. For example, with microarray gene expression 
of T cells in a sample of 27 MZ twins (age range: 22–98) a transcriptomic signa-
ture of 125 genes could be constructed to estimate chronological age.198 This gene 
expression clock could be replicated in gene expression datasets of T cells, but had 
poor performance when calculating it using gene expression data of human muscle, 
indicating that the gene expression clock is likely tissue-specific. Similarly, a me-
tabolomics predictor for chronological age has been constructed using 56 1H-NMR 
blood metabolites as measured in 22 cohorts (N = 18,716).199 A large, positive, dif-
ference between an individual’s metabolomic and chronological age (∆metaboAge) 
indicates that, for a given chronological age, this individual has a relatively “old” 
blood metabolome. This has been associated with poor cardio-metabolic health in 
Dutch BBMRI (Biobanking and BioMolecular Resources Research Infrastructure) 
cohorts, and with an increased risk for future cardiovascular disease, higher mortality 
and lower functionality in independent cohorts of older individuals.

Third, in order to establish causal relationships randomized controlled trials of-
ten are the preferred method. However, for many research questions RTCs are not 
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feasible or ethical. Twin models, such as the discordant MZ twin design or methods 
investigating intra-pair differences, may serve as alternatives to assess causality.112 
Yet, the MZ discordant design does have a caveat, as de novo sequence differences 
between MZ twin pairs can occur. Furthermore, differences between MZ twins could 
be inflated by measurement error, as this introduces random divergence within twin 
pairs.

Based on cross-sectional data from MZ and DZ pairs the direction of causation 
between two traits can be assessed (Direction of Causation model) if the pattern 
of heritability and shared environmental influences is not too similar for the two 
traits.200,201 Mendelian randomization (MR) employs genetic variants as instru-
mental variables to detect a causal effect of a risk factor on a complex trait or 
disease.202 MR requires strong instrumental variables, and as most genetic vari-
ants have small effect sizes it has been proposed to combine them into polygen-
ic scores. However, many genetic variants are pleiotropic, and polygenic scores 
may violate the “no pleiotropy” assumption (instrumental variables may not have 
direct effects on the outcome) of MR. Several methods are available to include 
multiple genetic variants that are robust for the “no pleiotropy” assumption.203 
When integrating MR with the Direction of Causation twin model (MR-DoC), 
the “no pleiotropy” assumption can be relaxed and polygenic scores can serve as 
instrumental variables.204

Twin studies are also valuable in providing information on the reliability of omics 
traits and profiles, as illustrated by a study of DNA methylation profiles.205 Reli-
able methylation probes, defined as probes with a large correlation between replicate 
measures of the same DNA, have a higher heritability. In general, unreliable traits 
cannot be highly correlated in monozygotic twin pairs, and therefore the MZ correla-
tion offers a lower bound for the reliability of a trait.

The majority of the twin omics studies described here tended to focus on a single 
omics domain. However, while each of the different omics layers provides us with 
a unique picture of the underlying biology of complex traits and disorders, this is 
an incomplete picture.206 Because the multiple omics domains are interrelated and 
interact, we need to study the omics domains collectively to fully understand bio-
logical processes.207 Studies combining multiple omics domains are becoming more 
frequent, often including multiple omics layers with the purpose of providing bio-
logical or functional interpretation of the results for the first omics domain through 
study of a second (or more) omics domain. Such a strategy is applied in many GWA 
or EWA studies, were follow-up analyses investigate colocalization of the top SNPs/
CpGs with eQTLs. This type of multiomics integration is called sequential integra-
tion, when simultaneously analyzing multiple omics domains this is called parallel 
integration.208 Many methods for parallel integration of multiomics data have been 
developed in order to aid in disease classification or subtyping, biomarker prediction, 
or obtaining insight into disease biology. Most of the studies in twin samples to date 
have focused on sequential integration of multiomics data. We anticipate that com-
bining twin designs with parallel multiomics integration strategies will be of benefit 
in disease classification or subtyping and biomarker prediction.
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32.8 Conclusion
We have described the value of twin studies in genomics, epigenomics, transcriptomics, 
and metabolomics. We have discussed the application of the classical twin design 
and highlighted the benefits of the MZ discordant twin design for identifying 
omics profiles for complex traits and disorders and to inform on the causal role of 
omics domains. Much of the twin research has focused on elucidating the causes of 
variation in omics data, demonstrating the strength of the classical twin design. We 
also provided a brief overview of other omics domains that can benefit from more 
twin research in the future and have suggested analytical designs for omics studies 
that may benefit from the inclusion of twin data. Due to the wide availability of 
omics data and the methodological advances in multiomics analyses, twin studies 
with multiomics designs will likely see substantial growth in the coming years.
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33.1 Introduction to epigenetics and epigenomics
Epigenetics is a field of study on changes in gene expression or gene function that 
are caused without alterations in the underlying DNA sequence and are maintained 
through cell divisions. It originates from the discovery of how the cells in an 
organism are able to develop into the different cell types that form the various tissues 
in our bodies even though these cells have identical DNA sequences. The term 
epigenetics was first introduced by Conrad Waddington back in 1942, originally 
to explain the link between developmental processes and genetics.1 This definition 
has evolved over the course of time and today it is often used broadly to describe 
those cellular processes that affect gene expression without changing the DNA. 
However, there is still no universally accepted definition for epigenetics to date.2 
The first epigenetic mark, a modified cytosine in the DNA, was detected in the late 
1940s.3 This modification became known as DNA methylation. A later study found 
that these methylated cytosines could also affect the expression of genes.4 After these 
discoveries, human epigenetics began to be investigated extensively. Later, along 
with the development of high-throughput methods, the focus on epigenetic research 
has begun to shift from studying the mechanistic properties of a single epigenetic 
modification to investigating the whole epigenetic state of a cell—the epigenome.

The most prominent function of epigenetic mechanisms is to maintain and regu-
late gene expression patterns in cells. Epigenetic mechanism are highly dynamic in 
nature, acting at the interface of the genetic code and phenotype. They respond to ex-
ternal environmental exposures like diet, stress, exercise, as well as internal environ-
mental exposures such as gender and different medical conditions. Indeed, a growing 
body of literature shows that epigenetic modifications associate with numerous hu-
man diseases and phenotypes by modifying gene activity or chromatin structure in 
response to the environment, guided by the underlying genetic code. Monozygotic 
(MZ) twins have virtually identical genomes and are consequently more similar in 
their epigenetic profiles compared to dizygotic (DZ) twins or unrelated individuals. 
Therefore, studies involving MZ and DZ twin pairs provide an important avenue for 
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epigenetic research as the relative contributions of environment and genome to the 
epigenome can be estimated, and moreover, the influence of genomes and shared 
environment can be eliminated when comparing MZ cotwins to each other. In the fol-
lowing sections, three main classes of epigenetic mechanisms are introduced: DNA 
methylation, histone modifications, and noncoding RNAs (Fig. 33.1).

33.1.1 DNA methylation
DNA methylation refers to the addition of a methyl (CH3) group to the fifth carbon of 
a cytosine residue in a DNA strand to form 5-methylcytosine (5mC). The transition 
is catalyzed by DNA methyltransferases (DNMTs) for which S-adenosylmethionine 
(SAM) is the main methyl donor.5 There are three classes of DNMTs that possess 
catalytic activity: de novo methyltransferases DNMT3a and DNMT3b, which 
add methyl groups to previously unmethylated cytosines,6 and maintenance 
methyltransferase DNMT1, which ensures that DNA methylation patterns are 
transmitted to the daughter cells in cell division.7

FIG. 33.1 A schematic representation of the three main epigenetic mechanisms. 

The basic component of chromatin structure is the nucleosome, which consists of DNA 
wrapped around histone proteins. The N-terminal tail of these histones can be covalently 
modified constituting the first class of epigenetic mechanisms. The most common histone 
modifications include acetylation, methylation, phosphorylation, ubiquitination, and 
ribosylation. The second class of epigenetic mechanisms is DNA methylation, which takes 
place primarily at CpG dinucleotides. The reaction is catalyzed by DNA methyltransferases 
(DMNTs). Methylation in CpG-rich gene promoter areas are usually associated with gene 
repression. Finally, noncoding RNAs that bind to their complementary mRNAs, lead to the 
degradation or translational inhibition of the mRNAs, which results in gene silencing. CpG, 
cytosine-guanine dinucleotide; mRNA, messenger RNA; ncRNA, noncoding RNA.
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Methylation in human cells occurs predominantly, but not exclusively, at cytosine-
guanine dinucleotides (CpGs), which are distributed over the genome.8 The majority 
of all CpGs are constantly methylated,9 showing cell and tissue-specific patterns. 
However, there are regions in the DNA with higher density of CpG-sites than expect-
ed, which are referred to as CpG islands (CPIs). 70% of the CPIs lie within promoter 
regions. Unlike other CpG sites, CPIs remain mostly unmethylated.10 As hypometh-
ylation is generally associated with the expression of genes rather than suppression, 
it may not be surprising that many of the unmethylated promoters belong to genes 
essential to the function of any cell. In addition to CpG-methylation, recent evidence 
suggests that DNA methylation occurs in non-CpG context, too, and that non-CpG 
methylation may impact some cellular processes and biological traits.11 In addition 
to gene expression and suppression, DNA methylation is the driving factor in many 
other cellular events like genomic imprinting,12 silencing of retroviral elements,13 
and X-chromosome inactivation.14

Two main explanations of the mechanisms through which methylated cytosine 
nucleotides affect gene transcription have been forwarded. The first proposes that the 
addition of a methyl-group to the cytosines in CPIs may physically block the binding 
of transcription factors (TFs) and thereby block gene expression. The alternative pos-
its that DNA methylation may recruit additional proteins important in gene suppres-
sion, including some histone-modifying proteins. The effect of DNA methylation on 
gene expression is dependent on the genomic context; for example, methylation in 
gene bodies often results in increased gene expression15 whereas methylation in pro-
moter regions is associated with gene silencing. While some generalizations can be 
made, the relationship between gene activity and DNA methylation is complex, and 
gene expression levels cannot be predicted purely from DNA methylation patterns.16

33.1.1.1 DNA methylation in diseases and traits
Cancer was the first human disease linked to epigenetic aberrations, and genome-
wide hypomethylation is currently a well-established hallmark of cancer. To date, 
DNA methylation alterations have been observed in numerous other human diseases 
and traits. The extent and patterns of DNA methylation across the genome differ 
between healthy individuals and individuals with more serious conditions such 
as neurodegenerative diseases and type 2 diabetes,17,18 but site-specific DNA 
methylation levels are also associated with life-style related phenotypes, such as 
physical activity,19 smoking,20,21 and obesity.22,23 Additionally, aging is closely 
linked with epigenomic changes; this pertains to many CpGs across the genome 
that become hypomethylated with increasing age, with certain CpG-sites being 
exceptions.24,25 Aging also increases the variation in epigenetic profiles within 
MZ twin pairs, suggesting that distinct environments shape epigenetics over life 
course.25,26 Certain CpG sites in the human genome seem to respond to aging 
uniformly between individuals, which have led to the development of so-called 
epigenetic clocks; algorithms that predict chronological or biological age of an 
individual based on DNA methylation levels.27
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33.1.1.2 Genetic effects on DNA methylation
It has become evident that the regulation of DNA methylation patterns is not 
fully independent of the DNA sequence. Current technological updates have led 
to a discovery that multiple methylation sites appear to be under strict genetic 
control.28–30 The genomic variants that associate with DNA methylation levels are 
referred to as methylation quantitative trait loci (meQTLs), suggesting that the state 
of a methylome is partly explained by genetic influences. The genome works together 
with environmental factors and sporadic factors to modify DNA methylation profiles 
throughout life, which is seen as increased discordance within MZ twin pairs’ 
methylomes as time passes.

33.1.2 Histone modifications
Histone modifications constitute another class of epigenetic mechanisms. In 
eukaryotic cells, DNA is wrapped around histone proteins, which help compactly 
pack the DNA. Units of eight histones and approximately two turns of DNA form 
nucleosomes which are the building blocks of chromatin. Histone proteins can be 
chemically modified with a diverse group of reactions, in which a functional group 
is covalently attached to the histone protein tails. The reactions are catalyzed by 
specific histone-modifying enzymes. One of the most common histone modifications 
is histone acetylation: an acetyl group from acetyl-CoA is transferred to a lysine 
residue in the N-terminal end of a histone. Other common modifications include 
histone methylation, phosphorylation, ubiquitination, and ribosylation. As there 
are tens of possible modifiable sites in a histone,31 and a single amino acid residue 
may be a target for more than one type of reaction, there are numerous possible 
combinations of modifications (histone codes).

Two main ways histone modifications affect gene expression have been suggested: 
by changing the nucleosome structure, or by attracting DNA and chromatin-modi-
fying enzymes in place. The linking of a charged chemical group, such as acetyl 
or phosphorus, potentially changes the nucleosome structure by decreasing the 
positive charge of a histone, thereby weakening the electrochemical interaction 
between the histone and negatively charged DNA resulting in loosened chromatin 
structure and making the genome more accessible to TFs and other DNA-binding 
proteins. Alternatively, specific histone codes are recognized by proteins belong-
ing to chromatin-associated protein families, activating pathways that result in 
changes in chromatin structure and gene activity. In many cases, the outcome for 
gene activity is not a result of a single histone modification, but rather an exten-
sive crosstalk between different histone marks (and other epigenetic mechanisms). 
Similar to DNA methylation, aberrant function of histone-modifying enzymes and 
modification patterns are seen in human diseases such as cancer,32 autoimmune 
diseases,33 and type 2 diabetes.34
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33.1.3 Noncoding RNAs
Noncoding RNAs (ncRNAs) are functional RNAs that do not code for proteins. 
NcRNAs are sometimes considered to be an epigenetic mechanism since they modify 
gene expression without altering the DNA sequence. However, there is not a uniform 
view in the field whether or not ncRNAs should be classified as an epigenetic process, 
probably due to the ambiguous definition of epigenetics. Two main ncRNAs have 
attracted researchers because of their ability to regulate gene expression: microRNAs 
(miRNA) and small interfering RNAs (siRNA) which have somewhat overlapping 
functions. These RNA molecules are transcribed in the nucleus and transferred to the 
cytoplasm where they are cleaved from the precursors to around 20 nucleotide-long 
RNA strands. In the cytoplasm, ncRNAs are able to bind to a complementary mRNA 
molecule, activating a mRNA degradation process or inhibiting the mRNA translation. 
The major difference between miRNA and siRNA is that a single miRNA may have 
multiple mRNA targets, the binding can be only partially complementary, whereas 
siRNAs have only one, fully complementary target mRNA.35 ncRNAs have a major role 
in developmental processes. Similarly to DNA methylation and histone modifications, 
alterations in miRNA functions and expression have been suggested as a contributing 
factor in many human diseases, such as cancer36 and cardiovascular diseases.37

33.1.4 Complex interactions between epigenetic marks
Additionally, epigenetic marks interact with each other, creating a complex net-

work of signaling pathways, which translate genetic and environmental cues into 
biological functions. The close relationship between histone modifications and DNA 
methylation has been documented in the literature. For instance, both CpG meth-
ylation and histone lysine methylation are required for establishing and maintaining 
heterochromatin (inactive DNA segments).38 These functions are also interrelated, 
as shown in model organisms: histone methylation can help in targeting DNA meth-
ylation in heterochromatin.39 In addition, methyl-CpG binding proteins (MBDs) di-
rectly link DNA methylation to histone modifications by recognizing methylated 
CpGs in the genome and binding to certain histone-modifying enzymes.40 Noncod-
ing RNAs, too, are seen to interact with other epigenetic modifications; miRNAs can 
affect the expression of DNMTs or histone-modifying enzymes by binding to their 
mRNA molecules and inhibiting translation. Conversely, DNA methylation has the 
potential to regulate the transcription of miRNAs (similar to any other gene).41,42

33.2 Challenges in epigenetic research
Epigenetic studies often face similar challenges to other omics-based research or 
epidemiological studies, such as selection of an appropriate study cohort, reproducibility 
of obtained results, and difficulties in addressing causality. However, certain challenges 
are particularly relevant to epigenetic studies.
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The epigenome is highly tissue and even cell-type-specific, which makes it hard to 
generalize findings across tissues and distinct populations. The epigenome also develops 
over the lifetime of an individual as a response to environmental stimuli. Therefore, a 
large number of studies conducted in different tissues, age groups, and ethnicities are 
required to obtain a comprehensive picture of the human epigenome. Additionally, most 
common methods measure the mean value of an epigenetic mark at a particular locus 
for all the cells in a sample, which introduces the possibility that the results may reflect 
changes in cell-type proportions rather than epigenetic changes within all cells or in a sin-
gle cell-type. Methods for single-cell epigenetic sequencing are emerging, but the costs 
are high and sufficient tools for the data analysis are still lacking. The biggest challenge, 
however, is that the relevant tissue for a particular condition is not often available. This 
additionally limits one’s ability to interpret the results.

As described above, epigenetic mechanisms are dependent on both the genome 
and environmental signals. Therefore, disentangling the contribution of either one 
may be challenging especially in cross-sectional studies. MZ twins, sharing prac-
tically identical DNA sequences and childhood environment, offer an exceptional 
design for investigating the effects of the later life environmental factors unique to 
one of the twins in a pair.

A number of studies look for associations between certain changes in epigenetic 
mechanisms and traits of interest. However, a commonly encountered phenomenon 
in this type of study is reverse causation, a term to describe an observed association 
in which the direction of causation is the opposite of what is expected, or a two-way 
relationship. Longitudinal study designs, randomized trials, or analytical methods 
such as Mendelian randomization,43 which exploit known genetic variants, are thus 
required to infer causality. Twin and family studies provide another causal inference 
approach, which is based on the assessment of familial confounding to DNA meth-
ylation data.44

To overcome the challenges described above, and to characterize the dynamic in-
terplay of different epigenetic mechanisms, there is a need for highly powerful se-
quencing technologies and bioinformatic tools. Fortunately, the field advances fast 
and we are currently reaching the era where single-strand sequencing technologies, 
bioinformatic methods, and deep learning algorithms have become more developed 
and cost-effective. When coupling high-quality data with suitable study designs, such 
as twin and family designs that overcome many of the described challenges, we are 
one step closer to characterizing the role of varying epigenomes on human diseases 
and phenotypes.

33.3 Value of twins in epigenetic research
Epigenetic data on twins can be helpful in dissecting the genetic and environmental 
components of epigenetic regulation. In addition to the classical twin modeling using 
both MZ and DZ twin pairs, MZ twin pairs discordant for a phenotype are of special 
interest for epigenetics research. This study design increases the power to detect 
reliable associations, helps in identifying important environmental risk factors that 
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affect epigenetic marks associated with health outcomes. Twin data can also help 
in the identification of epigenetic marks that could be used as molecular targets 
for interventions or therapies, through assessing causality of the observed disease-
associated epigenetic marks. Fig. 33.2 provides a simplified overview of the sources 
of similarities and differences in MZ and DZ twin pairs, and unrelated individuals, 
and the effects of those in the epigenome.

FIG. 33.2 MZ twins originate when a single egg is fertilized by a single sperm forming a zygote 
that splits and develops into two genetically identical individuals, who are same sex and age. 

DZ twins are formed when two eggs are fertilized each by a different sperm. Two individu-
als who share, on average 50% of their genes, start to develop in the same womb. DZ 
twins are always the same age but can be of different or same sex. Unrelated individuals 
are obviously originated from different eggs and sperms, they are different for their genetic 
polymorphisms, develop in different wombs, can be of any age (compared to each other) or 
either sex. Because of differences in the degree to which MZ, DZ, and unrelated individuals 
share in common their genes, epigenomes, intrauterine, childhood environments, MZ twins 
in a pair are more similar than DZ twins, which, in turn, are more similar than pairs of unre-
lated individuals. The great similarity between MZ twin siblings, and the relative differences 
between MZ versus DZ twin pairs provide advantages for epigenetic studies over those 
conducted using unrelated individuals. The figure is an oversimplification and the relative 
sizes of each triangle should not be taken as being proportional to each other.
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The same methodological approaches that are undertaken in epidemiological twin 
studies can be used for studying the epigenome (see Part IV. Twin Methodology for de-
tails). Below we discuss the most common twin study designs and the rationale for them.

33.3.1 Classical twin model
The classical twin study design, in which the additive genetic (A), common/shared 
environmental exposures (C), and unique environmental exposures (E) are estimated 
using structural equation modeling45 can be applied to epigenetic data. This is to 
estimate the proportions of genetic and environmental variation that explain variation 
in epigenetic differences between twins, for example, during development and aging, 
or in the context of disease progression. This classical twin method makes use of 
the genetic differences between MZ and DZ twins; while MZ twins are thought 
to be genetically identical or nearly identical46 to their cotwin, DZ twins in a pair 
share on average 50% of their segregating alleles. This model assumes that shared 
environmental influences contribute equally to twin resemblance in MZ and DZ pairs. 
The within-pair differences in the epigenome will accumulate due to differences in 
environmental effects (i.e., unique environmental effects) and stochastic factors that 
exert effects starting early in development and accumulate throughout life. Therefore 
longitudinal studies of twins that allow the evaluation of genetic and environmental 
contributions to the stability and change of the epigenome during the life course are 
especially interesting.

The classical twin model assumes that the greater differences within DZ twin 
pairs compared with MZ pairs are mainly due to genetic factors, however, it is likely 
that DZ twins in a pair are also epigenomically more dissimilar than MZ twins in a 
pair. This is because each DZ twin pair originates from different zygotes (formed 
from different sperm and egg) that are potentially already epigenetically very differ-
ent. In contrast, each MZ pair originates from a single zygote and thus from a single 
zygotic epigenome. For these reasons, heritability estimates of phenotypes that are 
epigenetically regulated may be overestimated in twin studies.47

33.3.2 Within-pair comparisons
The epigenetic state of a given genomic region is determined by the genotype, 
the environment, and stochastic processes. Therefore epigenetic studies involving 
unrelated individuals are at risk of confounding by unmeasured heterogeneous genetic 
and environmental factors in the study population. Instead, within-pair comparisons 
of twins control for the effects of genotype on epigenotype by approximately 50% 
in DZ pair and 100% in MZ pair comparisons. In addition, confounding due to 
environmental and other factors shared by the twin siblings is greatly reduced in the 
twin design. Epigenetic analyses conducted on within-pair differences thus increase 
the power to detect true associations while reducing the possibility for false-positive 
findings.

Epigenetic differences within twin pairs may arise through the processes of 
establishment and maintenance of epigenetic marks from very early development 



59333.3 Value of twins in epigenetic research

throughout the life. For example, DNA methyltransferases that lay down DNA 
methylation and maintain the marks in cell divisions may make mistakes that are 
carried on in the subsequent cell divisions as epimutations. This may result in 
within-pair epigenetic discordance. Another factor that may result in epigenetic 
differences in twins of a pair already at early life is the hypothesized differences 
in the epigenetic profiles of cells contributing to the MZ twinning event; however, 
precise mechanisms of MZ twinning is still not known. In addition, differences 
in environmental exposures may result in epigenetic differences within the twin 
pairs. This may occur already in utero where the microenvironments of the cot-
wins may differ. If and when the postnatal lifestyles of the cotwins diverge, it is 
likely that their epigenomes also become less similar.

Discordant MZ twin pairs have proven especially valuable for identifying trait, 
disease, or treatment-associated epigenetic marks because MZ cotwins are the same 
age and sex, and in general, identical by their genotypes. They also share most of 
their intrauterine and rearing environments during their childhood and adolescent 
years. Therefore, using the case cotwin control design, where the cotwins with the 
phenotype of interest (cases) are compared with their cotwin without the given phe-
notype (controls), completely eliminates (for age, sex, genotype), or significantly 
reduces the known and unknown confounding in the epigenetic analyses. Simulation 
studies demonstrate that the trait discordant MZ twin pair study design increases the 
power in epigenome wide association study (EWAS) if the heritability of the trait is 
at least moderate (>0.3), while for traits with very low heritability, this study design 
does not provide power advantage over the usual case-control design of unrelated in-
dividuals.48 This suggests that the power of the discordant MZ twin designs is mainly 
attributed to the complete removal of genetic effects that mask some of the signals in 
EWAS of unrelated individuals.

Epigenetics may provide a molecular-level solution for identifying MZ twin sib-
lings from one another. Differentiating MZ twin siblings in, for example, forensics 
has remained challenging as MZ cotwins share, in practice, an identical DNA se-
quence. As described above; however, MZ cotwins may differ by their DNA meth-
ylation profiles, which opens new avenues for forensics applications.49,50

33.3.3 Inferring causality
Epigenetic marks identified in an EWAS can be used to predict risk or as a 
biomarker. However, the within-twin pair designs, although powerful, cannot rule 
out reverse causation when using cross-sectional data, or unmeasured confounding 
even in longitudinal study designs. Association does not imply causation because 
the association can arise between two variables both in the presence or absence of 
a causal relationship. Assessing causality in epigenetic studies is essential if the 
aim is to identify targets for therapies or interventions, rather than establishing 
epigenetic biomarkers.

Twin data can be useful for inferring causality in observed epigenetic associations. 
Li and colleagues applied a causal inference method, called ICE FALCON, based on 
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the assessment of familial confounding in DNA methylation data in order to address 
this.44,51 The basic idea behind this approach is that if DNA methylation measured 
in one twin associates with the trait of their cotwin, and this association remains 
unchanged after conditioning on the trait of the first twin, then familial factors act 
on both the trait of interest and DNA methylation. However, if the association disap-
pears after conditioning on the trait of the first twin, then the trait causes the change 
in DNA methylation. Here, the existence of familial factors (shared genetic and en-
vironmental factors) is essential, as otherwise ICE FALCON could not make explicit 
causal inference based on cross-twin cross-trait correlation for the trait of interest 
and DNA methylation.

33.4 Key findings from epigenetic studies involving twins
Twin cohorts and registries across the world have collected longitudinal phenotypic 
data and biological samples on tens of thousands of twins, which has proven useful 
and increased our knowledge on the genetic and environmental determinants of 
epigenetic variation between individuals and across time. The importance of genetic 
factors and both prenatal and postnatal environments to the establishment and 
maintenance of the human epigenome has been demonstrated by twin studies. Twin 
studies have also generated clear evidence linking epigenetic marks to the disease-
associated risk in humans. In this section, we will describe what we have learned 
from epigenetics studies involving twins.

33.4.1 The contribution of the genome and environment to the 
establishment and maintenance of DNA methylation
Epigenetic variation between individuals results from genetic differences and from 
environmental and stochastic variation. Twin study designs and heritability analyses 
have been employed to improve our understanding of the regulation of epigenetic 
variation (reviewed in, e.g.,),52 while studying MZ twins has provided insights into 
the extent of which epigenetic variation is due to environmental factors or stochastic 
events. Both have been further linked to the role of epigenetic variation in complex 
phenotypes.53–59

Many studies have demonstrated that MZ cotwins are more similar in their 
epigenetic marks compared to DZ cotwins53,60–62 already at birth.63,64 Like in the 
traditional epidemiological twin studies, this has been attributed to the genetic iden-
tity of twins in MZ pairs vs the (on average) 50% genetic similarity of twins in DZ 
pairs. In addition, the phenotypic discordance of twins in MZ pairs has been consid-
ered to result from both stochastic events and environmental factors unique to each 
twin in a pair. As cotwins can differ in their DNA methylation at birth,63,64 it implies 
that both stochastic and intrauterine factors can influence the epigenome during preg-
nancy. Interestingly, one twin study showed that at birth, some unrelated individuals 
are more similar in their overall methylation profile than some cotwins, providing 
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support for the importance of stochastic and prenatal nonshared environmental fac-
tors in determining the epigenetic makeup of an individual.63

The average heritability of DNA methylation across the genome is low, and 
varies from 5% to 12%, depending on tissue, in newborns.63 The heritabilities of 
DNA methylation are higher in adulthood, (17–86 years) and vary from 16% to 
24%,53,61,62,65 but decline with increasing age53 and during aging of individuals.65 
Studies of twins have increased our knowledge of the heritability of complex traits 
including DNA methylation. In addition, they provide valuable information on in-
terindividual epigenetic variation established already during early embryonic devel-
opment, and its potential impact on future health and disease. More than 10 years 
ago, it was already proposed that epigenetic similarity at the time of the twinning 
event at the blastocyst stage may also contribute to the phenotypic similarities ob-
served between MZ cotwins.60 Moreover, greater phenotypic discordance among 
DZ than MZ cotwins may not only reflect that they are less similar genetically, but 
could also reflect that they originated from two epigenetically different zygotes. 
This may increase heritability estimates from twin studies, especially for those traits 
that have epigenetic contribution.

33.4.1.1 Super similarity of MZ twins
More recently, additional support has been provided to the theory that epigenetic 
similarity contributes to the phenotypic similarity between MZ twins, by showing that 
regions of epigenetic supersimilarity within MZ twin pairs exist. Supersimilarity of 
epigenetic loci results from the establishment of the epigenome prior to the twinning 
event.47 These supersimilar loci show systemic interindividual epigenetic variation, 
regardless of genetic variation, in response to the periconceptional environment 
and stochastic events. Importantly, these epigenetic loci that are established at the 
time of the major epigenetic reprogramming during early embryonic development, 
are variable between individuals (and supersimilar within MZ twin pairs), and may 
provide a link between the early development and adult health and disease. At the 
same time, these findings suggest that part of the missing heritability in complex 
traits may be attributed to the overestimation of heritability in twin studies for traits 
at least partially under epigenetic control.

33.4.1.2 MZ twinning
MZ twins are formed when a single fertilized oocyte splits into two separate 
zygotes, occurring mostly within the first week after fertilization, as early as the 
first cell division. The reason for this splitting event is not known, but it has been 
hypothesized that it is a random process, because MZ twinning rates are highly 
similar across the world,66,67 or that it results from an epigenetic event68 since MZ 
twinning occurs at the time of early epigenetic reprogramming essential for normal 
embryonic development.69 A very recent study has found evidence for the putative 
role of DNA methylation in MZ twinning,70 showing that MZ twins differ from DZ 
twins in DNA methylation at a large number of CpG sites. Many of these sites are 
metastable epialleles that are supersimilar within MZ twin pairs.47 These sites have 
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established methylation around the MZ twinning event, resulting in more similar 
DNA methylation patterns in those MZ pairs that split later (and share placenta) vs 
those who split earlier (have individual placentas) in development.

33.4.2 The contribution of epigenetic variation 
to phenotypic variation
Since within-pair analysis of epigenetic data increases the power to detect true 
associations, especially for traits that are at least moderately heritable,48 the cotwin 
control design has been applied in many studies aiming to identify epigenetic 
associations in various complex diseases and traits (Table 33.1). The first epigenetic 
studies on discordant MZ twin pairs concentrated on carefully selected candidate 
genes, while later studies are conducted mainly on a genome-wide level. Table 
33.1 lists such studies from the last 5 years. These studies show that within-pair 
differences in DNA methylation are associated with phenotypic discordance, and 
may in some cases explain the phenotypic differences in these genetically identical 
individuals. DNA methylation at the CpG sites associated with a phenotype could be 
used for developing disease- or trait-specific biomarkers (see Table 33.1).

An obvious challenge faced by many of these studies is that discordant MZ twin 
pairs are rather rare, limiting the number of pairs in each of the studies, which clearly 
has implications for generalization of the results to the population level, especially if 
the obtained results are not validated in an independent sample.

33.4.3 Stability and drift of methylation in time
Longitudinal epigenetic studies in twins have increased our understanding of the 
relationship between genetics and other factors that influence temporal changes 
in DNA methylation profiles in humans. The very first larger-scale twin study in 
epigenetics demonstrated that young MZ twin siblings display more similar epigenetic 
marks compared to older twin siblings, and that the epigenetic discordance increased 
in relation with an increase in lifestyle differences between twin siblings.26 Although 
this study was cross-sectional, investigating different pairs at different ages, it 
provided the first clues about epigenetic differences arising during the lifetime of MZ 
twins, and prompted other researchers to investigate this further. A longitudinal twin 
study conducted during early childhood later confirmed that MZ cotwins are already 
in early life discordant for DNA methylation at three different regions of the genome, 
and that the discordance is mainly attributable to environmental factors.71 The same 
study also revealed that different genomic regions show varying levels of epigenetic 
divergence over time and that the dynamic changes in DNA methylation are 
influenced by a range of shared and nonshared environmental factors present already 
in early life.71 Another study, also concentrating on candidate regions, showed that 
the epigenetic divergence between MZ cotwins begins already in utero, and that this 
drift is tissue-specific.64 The first longitudinal genome-wide DNA methylation twin 
study, which followed the first 18 months of life, interestingly reported that some 
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twin pairs become more discordant in their DNA methylation profile while others 
become more similar in their DNA methylation profile in early postnatal life, and that 
the rate of change over time is strongly affected by the regional genomic context.72 
The reason why some cotwins become epigenetically more similar could be because 
there were larger differences in their prenatal than in their postnatal environments. 
This study further confirmed the suspected complex interplay between environment, 
nonshared environment, and stochastic factors in forming the epigenome in early 
life.72 The stability of DNA methylation across time has been shown to be mainly due 
to genetic factors, while an individual’s unique experiences and exposures result in 
DNA methylation discordance within twin pairs in later life.65 Multiple longitudinal 
studies of twins have confirmed that epigenetic change over time is regulated mainly 
by environmental and stochastic factors, in a tissue- and genome context-dependent 
manner,53,71,72 and that the role of the environment in epigenetic drift becomes 
increasingly important during aging.65,73

33.4.4 Inferring causality for epigenetic 
associations by using twins
Twin data can be useful for inferring causality in observed epigenetic associations 
in EWAS. The linear regression-based ICE FALCON method51 has been employed 
to infer causality in the association between BMI and DNA methylation in a twin 
family study.44 This study showed that BMI has a causal effect on DNA methylation, 
rather than DNA methylation having an effect on BMI. These findings mean that 
most of the BMI-associated DNA methylation observed in multiple studies is likely 
caused by BMI or some BMI-associated clinical measures. Thus, DNA methylation 
at these BMI-associating sites may be used as biomarkers rather than targets for 
obesity therapies.

33.4.5 Epigenetic aging
Aging is strongly associated with DNA methylation changes. Therefore, biological 
aging and age acceleration can be inferred from DNA methylation and are called 
epigenetic aging and epigenetic age acceleration (see section “DNA methylation as 
a surrogate measure” below). Twin studies have contributed to the field of epigenetic 
aging by demonstrating that DNA methylation at age-related CpG sites show much 
stronger heritabilities than DNA methylation at CpG sites across the genome, 
ranging from 36% to 52%,74 with the heritabilities decreasing as age increases. In 
line with this, heritability estimates for epigenetic age acceleration are the highest in 
newborns (100%,27) and decrease with age, with values of 74% at age 23 and 53% 
at age 62.73 Correspondingly, the unique environment, not shared by the cotwins, 
has a stronger effect on epigenetic aging in older compared with younger twin 
pairs. These findings suggest that while genetic factors are important in determining 
biological aging in early life, nongenetic factors become more relevant contributors 
to biological aging in later life. Within-pair analysis of MZ twins at older ages shows 
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that epigenetic age acceleration, independent of genetic and other shared factors, 
correlates with grip strength, which is a strong predictor of the development of 
older age disabilities and mortality.75 Another recent study investigated within-pair 
differences in epigenetic aging of twin pairs discordant for physical activity level 
and revealed that the active twins were, on average, 3 years younger compared to 
their inactive cotwins.76 This suggests that leisure-time physical activity may slow 
epigenetic aging. The results from the twin studies encourage further investigations 
of the impact of various environmental and lifestyle factors on the progression 
of human aging over the life course, and the development of therapies that can 
influence the aging process and thereby target functional impairments and diseases 
commonly related to aging.

33.5 Technical and statistical methods in epigenetics
This section focuses on technical methods used to measure DNA methylation in 
humans and the statistical methods implemented in the analysis of the resultant data. 
These methods apply to study populations of both related and unrelated individuals. 
Here, we focus on DNA methylation since it is the most commonly used epigenetic 
measure in population-scale studies due to its stability and ease of measurement.

33.5.1 Methods to measure DNA methylation
DNA methylation can be measured using multiple methods, which can be divided 
into different categories based on whether it relies on an array or sequencing 
technology, and if bisulfite conversion of DNA or methylation-specific and sensitive 
restriction enzymes are required. The most common platform used to assess DNA 
methylation in population-based studies is one of the Illumina Human Methylation 
Bead Chip arrays, currently the EPIC array,77 which measures DNA methylation at 
approximately 850,000 CpGs across the genome, and historically the 450k78 or 27k79 
arrays. Sodium bisulfite conversion is used to distinguish a methylated cytosine from 
an unmethylated cytosine. After DNA extraction, treatment with sodium bisulfite 
deaminates unmethylated cytosine to uracil, while 5-methylcytosine is protected and 
remains unconverted. During subsequent PCR, the uracil is propagated as thymine, 
thus distinguishing 5-methylcytosine from cytosine is a simple genotyping problem 
of cytosine versus thymine.

The Illumina methylation arrays employ two probe types, which are linked with 
allele-specific oligonucleotides of 50 nucleotides in length; bisulfite-converted and 
amplified DNA is hybridized to the array, followed by single-base extension. Type 
I probes use two probe sequences for measuring the methylated and unmethylated 
signal, respectively, while Type II probes have only one probe sequence which mea-
sures both the methylated and unmethylated signal.77 The level of methylation at 
each probe is called a beta value and ranges between 0 and 1. Since a CpG site in a 
cell can only be methylated or unmethylated, a beta value around 0.5, for example, 
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would indicate that the CpG is methylated in around half of the cells in the sample, or 
that the observed methylation is specific to one allele as is the case at imprinted sites. 
Most CpGs have beta values close to 0 or close to 1, which translates to a distinct 
bimodal distribution of beta values for CpGs across the genome.

Other methods for measuring genome-wide DNA methylation include whole-
genome bisulfite sequencing, reduced-representation bisulfite sequencing, nanopore 
sequencing, and Pacific Biosciences (PacBio) sequencing. Nanopore and PacBio 
sequencing are unique in that there is no requirement for treatment with sodium 
bisulfite prior to sequencing. In Nanopore sequencing, 5-methylcytosine is instead 
distinguished from cytosine by changes to the electrical current produced when nu-
cleotides pass through a protein nanopore. Computational and statistical methods 
such as convolutional neural networks in DeepSignal,80 hidden Markov models in 
Nanopolish,81 or the Kolmogorov–Smirnov test in NanoMod82 are used to convert 
the raw electrical signal to features which can be analyzed. PacBio sequencing is 
a parallelized single-molecule DNA sequencing method known as single-molecule 
real-time sequencing, which distinguishes different DNA bases via the detection of 
a fluorescent signal released as fluorescently labeled nucleotides are incorporated 
by DNA polymerase; DNAm is detected by differences in DNA polymerase kinet-
ics, measured via the duration of and interval between the fluorescence signals.83 
One important advantage of nanopore and PacBio sequencing is that they can detect 
not only 5mC but also 5-hydroxymethylcytosine (5hmC).84,85 5hmC can be distin-
guished from 5mC also using the more traditional Illumina array technology with the 
OxyBS method;86 however, this requires two arrays per sample and an extra oxida-
tive bisulfite treatment step making the procedure costly.

33.5.2 Methods to analyze DNA methylation data
In order to identify associations between traits or diseases of interest and genome-
wide DNA methylation, we perform an EWAS, in which each measured CpG is tested 
individually with relation to the trait of interest.87 The bimodal distribution of the 
beta value can result in heteroscedasticity, or unequal variance of residuals over the 
range of an independent variable, which violates the assumption of homoscedasticity 
in a linear model. Therefore, beta values are transformed to M-values using a logit 
transformation.88 One of the most common methods of linear modeling for an EWAS 
is implemented in the R package limma,89,90 a method that was originally developed 
for microarray-based gene expression data. Limma builds on a simple linear model 
by borrowing information from the modeling of each feature (in this case each CpG) 
using parametric empirical Bayes in order to calculate moderated t-statistics for each 
CpG,91 which increases the effective degrees of freedom. Additionally, limma allows 
adjustment of models by relevant covariates to control for confounding, inclusion of 
information of sample quality for weighting of samples, and incorporation of random 
effects for correlated or longitudinal data, amongst other options.90 More recently, 
the differential expression for repeated measures (dream) pipeline builds on limma to 
improve performance for repeated measures designs by increasing statistical power 
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and controlling the false positive rate.92 This also has utility for twin studies, as having 
a sample from each twin in a pair creates observations that are not independent, 
similar to having multiple longitudinal samples from a single individual.

Statistical analysis of epigenetic data in twin pairs requires a few modifications 
from typical studies with independent samples. Twin data can be modeled in multiple 
ways, either with each twin pair treated as an observation, or with twins as individu-
als. When each twin pair is considered an observation, the values of the independent 
and dependent variables are subtracted from each other so that the difference in the 
predictor is tested against the difference in the outcome. When each twin is consid-
ered as a separate observation, a random effect term must be included in the statisti-
cal model in order to account for the correlation between twins in a pair.

As in any EWAS, we can learn more about the epigenetic dysregulation that oc-
curs in a particular disease or in response to an exposure by performing a variety of 
follow-up analyses including assessing enrichment of genomic pathways amongst 
significantly differentially methylated CpGs and identifying regions of differential 
methylation (differentially methylated regions, DMRs). Among the most common 
databases used for enrichment analysis are the gene ontology database, which is a 
large collection of molecular functions, cellular components, and biological process-
es related to gene products,93 the molecular signature database (MSigDB), a collec-
tion of annotated gene sets,94 and the Kyoto Encyclopedia of Genes and Genomes.95

33.5.3 DNA methylation as a surrogate measure
DNA methylation can also be used as a surrogate measure for numerous things 
in addition to the primary use of the data in an EWAS. Two of the most common 
measures to estimate from DNA methylation data are the proportions of cell types 
comprising a sample, and the so-called “epigenetic age,” intended to estimate an 
individual’s biological age (as opposed to their chronological age). DNA methylation 
plays an important role in cell identity,96 and thus each cell type and tissue has a 
distinct epigenetic profile.97,98 Differences in cell-type proportions between samples 
can confound associations between an exposure and outcome since DNA methylation 
is both highly related to cell identity, and cell-type proportions also differ between 
phenotypes and exposures of interest. Reference-based methods of cell-type 
deconvolution in samples comprised of cell-type mixtures refer to models that are 
developed using reference epigenomes created for each cell type (for example, after 
employing cell sorting) and DNA methylation data from a mixed sample with a 
known composition of cell types, while reference-free methods estimate “putative” 
cell types in a sample with the assumption that the largest source of variation in a 
sample is due to its cell-type composition. Currently, reference-based methods exist 
mainly for estimating immune cell proportions in whole blood, while reference-free 
methods are used most commonly for solid tissues and other nonblood tissues which 
lack cell-type-specific reference epigenomes. The accuracy for estimation of blood 
cell types is extremely high, with the true proportion of a cell type explaining at 
lowest 95.4% of the variation in the predicted cell-type proportion for CD4 T cells 
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up to 100% for B cells.99 Multiple reference-based methods for estimation of cell 
types exist, with some of the most widely used including the original Houseman 
method,100 epiDISH,101 and IDOL.99 Estimated cell-type proportions can be utilized 
in multiple ways. As of yet, there are several reference-free methods of cell type 
estimation for solid tissues. The most widely used methods for this purpose are 
RefFreeEWAS102 and MeDeCom,103 both of which are based on non-negative matrix 
factorization. However, since both of these methods operate on the assumption that 
the most significant source of variation in DNA methylation between samples is due 
to cell-type differences, which may not always be the case, these can lead to over-
adjustment of the statistical analysis.104 In addition to controlling confounding by 
cell-type composition in an EWAS, estimation of cell types allows the computation 
of informative metrics such as the neutrophil-lymphocyte ratio, which is associated 
with many diseases105 even when flow cytometry is no longer possible (for example 
in archived blood samples). The advent of single-cell sequencing technology has 
already begun to increase our knowledge of cell types in different tissues and will 
allow for the development of better reference-based methods for solid tissues as is 
already occurring with gene expression data.106,107

Epigenetic age, sometimes referred to as biological age, can also be inferred 
from DNA methylation in multiple tissues, as aging is strongly associated with epi-
genetic alterations. The discrepancy between biological age and chronological age 
is called age acceleration, which can be either positive or negative indicating an 
older or younger biological age than expected given chronological age, respectively. 
The earliest epigenetic clocks were developed solely on DNA methylation data and 
chronological age. The most well-known is the pan-tissue Horvath clock, which was 
developed using elastic net regression of chronological age on genome-wide CpG 
methylation to accurately predict age in multiple tissues and cell types.27 Likewise, 
the Hannum clock is based on the relationship of DNA methylation with chrono-
logical age, with elastic net regression highlighting CpGs predictive of age in blood 
leucocytes.108 Given that models based on chronological age alone are inherently 
limited for detecting true biological acceleration in aging, more recently developed 
epigenetic clocks employ multi-step approaches based on a range of phenotypic data 
in addition to survival analysis. The PhenoAge clock is based first on penalized Cox 
proportional hazards regression to identify associations of blood biomarkers includ-
ing C-reactive protein, lymphocyte percent, and glucose with age-related-mortality, 
and a second step using a parametric proportional hazards model with the selected 
biomarkers and chronological age to create a scaled mortality score, the PhenoAge 
value.109 Similarly, the GrimAge clock is based on a 2-step process, first identify-
ing associations of different blood proteins including adrenomedullin and cystatin C 
with DNA methylation data using elastic net models, and next using elastic net Cox 
proportional hazards regression on predicted blood protein levels, predicted smoking 
pack-years, and chronological age to construct the predicted epigenetic age.110 Both 
PhenoAge and GrimAge are more strongly associated with survival and multiple 
morbidities than either the Horvath pan-tissue clock or the HannumAge.109,110 Due 
to the differences in the way each clock was developed, their usefulness depends on 
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multiple factors including the tissue of interest and the phenotype being studied. By 
comparing differences in age acceleration within twin-pairs, we can learn a lot about 
exposures that affect the epigenome and aging. Growing evidence suggests that ac-
celerated epigenetic age strongly associates with common diseases and occurs in 
response to a number of environmental factors.
Epigenetic clocks have also been developed for estimating age early in life, including 
gestational age. Two of these were developed using a penalized regression model 
with DNA methylation measured in cord blood to predict clinically estimated 
gestational age.111,112 Gestational age acceleration, a measure analogous to age 
acceleration in adults, has been found to be positively associated with birthweight 
percentile, with infants born at the 50th percentile of weight having age acceleration 
of approximately zero.111 More recently, a set of three epigenetic clocks based on 
placental tissue samples were developed, also using penalized regression;113 these 
clocks were robust, providing accurate estimates of gestational age regardless of 
common pregnancy complications. Of note, the clocks developed in cord blood 
do not provide accurate estimations of gestational age when applied to placental 
tissue. Epigenetic clocks that estimate gestational age are useful for numerous 
purposes, including determining the developmental stage of infants with unknown 
gestational age or the assessment of the impact of prenatal exposures on gestational 
age acceleration.

33.6 Future of epigenetic twin studies
Within the last 20 years, twin studies have proven to be highly valuable in providing 
new insights into the role of epigenetic regulation in the development and progression 
of complex diseases and traits. We foresee that epigenetic twin studies will continue 
to contribute importantly to this field.

Improved technologies to map epigenetic variation along with reduced costs of 
high-resolution epigenetic assays in the future will enable twin researchers to pro-
vide more accurate information of the relative contributions of the genome sequence 
and environmental effects on each CpG site methylation, or histone modification. 
Thus, epigenetic research on twins will continue to increase our understanding of the 
functional human genome.

Although many twin cohorts are relatively large, more active collaboration be-
tween twin cohorts will be needed to detect small epigenetic alterations and precise 
epigenetic profiles associated with complex diseases and traits, and to infer causal-
ity of the observed associations. These large-scale international research efforts are 
especially crucial for studies involving trait discordant MZ twin pairs, as existence 
of such pairs is relatively rare. In addition, more longitudinal twin cohorts starting 
from the prenatal period, and collaboration between such cohorts, are needed. These 
would aid in establishing the importance of genetic and environmental effects on 
early-onset intermediate phenotypes potentially contributing to disease risk in adult-
hood, and to identify important biomarkers. Additionally, this would help to pinpoint 
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the timing of epigenetic alterations with respect to phenotype appearance starting 
from infancy. Obviously longitudinal studies in later life will also be needed to inves-
tigate the role of epigenetics in disease susceptibility and progression.
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34.1 Introduction
In twin research, monozygotic (MZ or identical) cotwins exposed to different 
environmental effects offer an informative, naturally occurring cotwin control 
design. Given their genetic identity, cotwin differences in physical, medical, and 
behavioral outcomes can be linked to their experiential differences. This scientific 
advantage helps identify factors that either exacerbate or mitigate cognitive ability, 
mental health status, disease risk, and other human traits.2 This information is critical 
for its potential applicability to managing social isolation and occupational stress.

Studies of MZ and DZ (dizygotic or fraternal) reared-apart twins show that indi-
vidual differences in special mental skills are influenced by genetic factors, ranging 
from 0.67 (perceptual speed) to 0.79 (verbal abilities), with the exception of content 
memory for which genetic influence is estimated to be 0.33.3 Twin studies also show 
genetic effects (0.48) on loneliness.4 Prior studies of nontwins suggest that radiation 
and microgravity associated with space travel negatively affect some cognitive abili-
ties in both humans and nonhumans5–8 and also increase stress-related disease risk.9 
However, a twin-based approach to these space-related questions that includes an 
ideal genetic control has never been conducted.

34.2 Twins reared apart and together
As indicated above, reared-apart twins are a powerful research design because the 
same genotypes are exposed to different environments, revealing possible differences 
in how genes are expressed. In contrast, reared-together twins experience the same 
environments. The experimental exposure of MZ cotwins to different environments 
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can be conducted in a relatively controlled manner, as in the case of the Kelly twins, 
Scott and Mark (SK and MK). SK spent an extended period of time in the International 
Space Station (ISS), while his cotwin stayed on earth. It is unlikely that such a rare 
opportunity involving MZ twins will ever arise again. Interestingly, however, in April 
1972, MZ twin astronaut Charles Duke participated in Apollo 16, becoming the 
tenth individual (and only twin) to ever reach the moon’s surface. His twin brother, 
William, was born with a heart defect, so was physically incapable of pursuing a 
career in space travel; William became a physician.10 A formal comparison of these 
twins was never undertaken, but would have been far less informative than that of 
the Kelly brothers, due to their different health histories, and because the Apollo 16 
mission lasted for only eleven days.

34.3 Space travel: effects on adaptive systems
In space research, a wide range of ethological studies has been conducted on the 
effects of microgravity on humans during orbital flights (Space shuttle and Mir 
station) and overtime. The first investigations focused on changes in spatial and 
motor skills within short sequences of reduced gravity from parabolic flights. 
Experimental protocols were designed for comparing novices, experienced subjects, 
and astronauts. Further analyses revealed meaningful modifications in movement, 
posture, and orientation throughout mid-term mission, from ground training to 
postflight periods.11

With respect to these behavioral domains, investigating MZ twin astronauts, SK 
who spent nearly 1-year aboard the ISS and his twin brother MK who remained on 
earth as a control subject, was a rare opportunity to gather multidisciplinary data on 
long-term processes. In spring 2015, SK launched to the ISS, serving as the Flight 
Engineer for the 43rd and 44th expeditions, and as the Commander for the 45th and 
46th expeditions. During his 340-day mission, nearly 400 experiments were con-
ducted on the station. SK landed on March 1, 2016. During that mission time, MK 
was living and working in a usual 1-g environment, while SK had to adapt to unusual 
living and working conditions in 0-g environment, as shown in Fig. 34.1. In space, 
SK had a continuous global view of the earth, whereas his twin had a distant view of 
the ISS (i.e., a light point at night). Consequently, their own sensory-motor and cog-
nitive experiences were quite different, constituting a core factor in the behavioral 
outcomes.

This chapter reviews some of the discoveries of factors affecting SK’s global 
health, and the extent to which a space mission modifies different adaptive systems 
from biochemical to cognitive functions. Perspectives regarding functions impacted 
by epigenetic effects over the long-term and upon shifting environments, in space or 
on earth, are summarized.
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34.4 Review of findings: a twin in space
Ten groups of investigators (Susan Bailey, Brenda Rana, Suart Lee, Fred Turek, 
Emmanuel Mignot, Scott M. Smith, Andy Feinberg, Chris Mason, Mathias Basner, 
and Mike Synder) have examined a wide variety of data concerning the Kelly twins’ 
health. The health-related domains of interest include their biomedical profile, 
cognitive performance, immunological response, bone formation, multiomics 
markers, gut microbiome, and how DNA might be affected by microgravity and by 
living in space. Some preliminary findings from NASA’s Investigators Workshop 
(IWS) have been validated and show changes as a result.12,13 An integrated publication 
of the findings offered an overview of the NASA Twin Study.14

One of the most interesting findings is that genetic expression is sensitive to 
changing environments in space and on earth. Specifically, SK’s telomeres showed 
elongation while in space, but decreased in length within 48 h after returning to earth, 

FIG. 34.1 Experience of a twin on earth and a twin in space.
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displayed in Fig. 34.2. It is estimated that 7% of his genes may have altered their 
expression in space and according to time. However, the question of whether or not 
real genetic change occurred has been a matter of some debate. Bailey, an investiga-
tor of the Twin Astronaut Study Consortium Project, had predicted that SK’s telo-
meres would shorten, given that this is a sign of aging and would reflect the physical 
stressors of space travel.15 However, the opposite occurred and the telomeres of other 
astronauts have shown similar responses.16 This finding led Bailey to speculate that 
short telomeres, sensitive to environments in space, might have disappeared, artifi-
cially raising the number of longer telomeres present. Alternatively, she proposed 
that microgravity may have stimulated the release of the enzyme telomerase that 
could have added length to the telomeres. However, she noted that the lengthening 
of telomeres has never been demonstrated in humans and telomere length dynamics 
reflect the cumulative effects of genetics, lifestyle, and environmental factors.17

Changes were also observed in genes that control functions related to DNA re-
pair, bone formation, gut bacteria digestion, and the immune system. It appears that 
astronauts’ global health is also affected as a result of long-term space travel. The 10 
most important findings are presented in Fig. 34.3. Epigenetic alterations between 
the twins were not pronounced. Cardiovascular changes that are characteristic of 
other astronauts were found in SK, but not in MK, such as a 10% increase in cardiac 
output, and a modest decrease in blood pressure. SK’s carotid artery thickness also 
increased and remained that way for four days after his return to earth. SK’s cogni-
tive skills were affected mostly during his postflight period, in that his performance 
speed declined for all mental ability tests, excerpt for Digit Symbol Substitution. In 
addition, his accuracy dropped in all areas except for spatial orientation; these de-
clines persisted for a 6-month period following his return to earth.

FIG. 34.2 Relative average telomere length in cotwin control before, during, and after 
spaceflight (adapted from Garrett-Bakelman et al. (2019)14).
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34.5 Discussion
Subsequent research on multisystem effects of extended space travel will offer 
significant new perspectives and insights as scientists look toward a long-term 
journey to Mars. The experiment on cotwin control from the Twin Astronaut Study 
offered state-of-the-art investigations focused on -omics (metabolomics, proteomics, 
epigenomics, integrative omics). A round-trip journey will minimally require a 
6-month outbound trip and a 6-month return trip, while a stay on the red planet 
could last for one year and beyond. Synergies of genetic and epigenetic changes will 
impact human behavior at both the individual level and at the social level.

FIG. 34.3 Twins study at a glance—What they found and what it is important (image©NASA).

 https://www.nasa.gov/sites/default/files/thumbnails/image/pinwheel_041119_me-01_0.png.

https://www.nasa.gov/sites/default/files/thumbnails/image/pinwheel_041119_me-01_0.png
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The cultural value of the international team-members having to live in micro-
society far from earth may shed light on some aspects of human behavior in an 
evolutionary context.18 (The assumption is that genetic expression affected by a 
weightlessness environment, through adaptive behavioral strategies, will yield a new 
cognitive representation of the space team-members and of the space habitat. This 
has been shown in previous research.) For the last quarter of a century, a wide range 
of ethological studies has been conducted on the effects of microgravity on humans 
during orbital flights (Space shuttle and Mir station) for short-term and mid-term 
missions. Changes in spatial and motor skills as behavioral strategies, affected by 
gravity variations from parabolic flights, were key goals of these studies.11 In the the-
oretical model, the adaptive process began with a spontaneous phase showing senso-
rimotor reflexes, followed by preliminary and integrative phases enhancing specific 
cognitive functions over the course of space travel with the prevalence of visual cues.

Tying this line of work to twin studies can prove very valuable. MZ twin com-
parisons involving differential exposure to space environment factors will further 
our knowledge of spaceflight outcomes, as demonstrated above. Observations were 
made during a 12-month polar mission (Concordia station), then during the Mars-
500 experiment with reference to the effects of a 520-day period of isolation and 
confinement.19 In a long-term adaptive process, analyses revealed time effects, cul-
tural preferences and individual differences in crew behavior, simulating a Mars 
mission.20 Such data constitute a comprehensive database against which to evaluate 
the results from future studies involving long-term space travel, such as the recent 
experience of SK.

The fact that two identical twin brothers (SK and MK) were separated for nearly 
a year and SK was in a risky environment raises key questions for these twins, in 
particular, and for all astronauts and their family members, in general. In particular, 
how does prolonged isolation from close family members and socialization with un-
related team members affect the psychological and physiological systems? The cur-
rent ethological answers support the hypothesis that the space traveler, with his or her 
own neuro-physiological system, a psycho-social system, a sensory-motor system, 
and genetic identity, organizes a relationship to the space environment in a posi-
tive way.21 It is a salutogenic adaptation (i.e., ability to promote human health and 
well-being), based on optimization of the relationship. Most importantly, twin data 
can further the goal of assessing genetic factors underlying physical, biological, and 
behavioral aspects of space exploration missions from an evolutionary perspective.
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35.1 Rationale and aims
The aim of this chapter is to discuss the normal and abnormal prenatal development in 
twins and its relationship with environmental factors in twin pregnancy. Here we will 
discuss the relationship of both shared and nonshared environmental influences and 
the risk for compromised neurodevelopment, in the short and long term. Although 
neurodevelopmental disorders can occur in any pregnancy, the additional demands 
and stress experienced in a multiple gestation pregnancy and increased occurrence 
of prenatal and perinatal factors presents added risk beyond that of inherited genes, 
leading to the increased prevalence of neurodevelopmental disorders such as cerebral 
palsy1 and autism (after adjustment for familial confounding advanced paternal 
age).2,3 Additionally, most twin pregnancies have relatively shortened gestational 
periods and associated preterm births (PTB),4 posing even greater physical risks 
to mothers and infants and increasing the probability of mental disability.14 With 
this in mind, this chapter will discuss environmental factors that may occur in twin 
pregnancies and how these factors can contribute to neurodevelopmental disorders.

35.2 Introduction
The Developmental Origins of Health and Disease (DOHaD) hypothesis, previously 
referred to as the “Fetal Origins of Adult Disease,”5 describes how the exposure 
of a developing fetus to adverse maternal conditions and /or uterine environment 
can cause abnormal outcomes.6 Factors such as poor nutrition, infections, toxins, 
metabolites or hormonal perturbations7 during critical periods of development and 

https://doi.org/10.1016/B978-0-12-821514-2.00037-4
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growth have been related to birth weight and long term health consequences on adult 
organisms.5,6

Environmental factors during pregnancy primarily include external, social, and 
biological factors.8 However, in a twin pregnancy, intrauterine factors can have a 
direct “nonshared” environmental influence on development of individual fetuses.9 
Furthermore, although the risks of developing chronic diseases are attributed to 
both genetic and environmental factors, computer generated data based in part on 
twins’ which determined the fraction of diseases attributable to genetic versus non-
genetic factors, has suggested that between 70% and 90% of disease risks within 
a population may be attributable to differences in shared and nonshared environ-
ments.8,10 External influences such as air pollution, water and food contamination 
from microbes, toxic chemicals or metals, physical exposures (noise and radiation), 
anthropogenic changes (including climate change) and exposure to other hazardous 
materials and built environment are estimated to contribute to 21.2% of global deaths 
and 16.3% of global disability adjusted life years (DALYs) each year.8

Social factors including stress and low socioeconomic status (poverty) have been 
identified as risk factors for adverse outcomes for mothers and children during pregnancy. 
Stress is a feeling of being overwhelmed or unable to cope with mental or emotional 
pressure. This feeling will normally subside when the stimulus is removed or when an 
individual is able to adapt to the effect.11 However, prolonged symptoms can lead to 
chronic stress, which in turn can manifest as neurological conditions such as anxiety and 
depression, in addition to having an adverse effect on the immune, endocrine, and cardio-
vascular systems.11 In a recent study into levels of anxiety and depression in pregnancy it 
was noted that there was an increase in anxiety after infertility treatment (IT) compared 
to spontaneous conception, whereas IT parents of twins demonstrated higher anxiety at 
mid-pregnancy than IT parents of singletons.12 In a separate study it was determined that 
one third of women expecting twins suffered from major depression and high levels of 
stress.13 Anxiety and depression in pregnancy have been linked to shorter gestation pe-
riods, impaired fetal growth14 and adverse implications for fetal neurodevelopment.14,15

Biological factors relating to preconception health and to poor maternal health 
have a direct effect on both mother and fetus. Pre-existing conditions such as stress 
may have significant effects on pregnancy, maternal health and the developing fe-
tus.16 It has been suggested that activation of the maternal stress response and the 
resulting changes in endocrine and inflammatory activity play a role in the etiology 
of prenatal stress-related physiological changes on the developing fetus.16 Prenatal 
stress can also act indirectly on maternal health which can also affect infant health 
and development.16 Intrauterine infection prior to 32 weeks gestation is a major 
cause of PTB and is associated with high rates of morbidity and mortality.17–20 Cur-
rent data from the USA Centre for Disease Control and Prevention for 2019 indicate 
a 7-fold higher PTB (less than 37wks gestation) rate of 60.87% in twins compared to 
8.47% in singletons.21 Furthermore, in twins there is the added risk of the nonshared 
intrauterine environment, which may not be equal for both twins in a pair. How the 
individual twin reacts to the intrauterine environment may be subject to the chorion-
icity (monochorionic or dichorionic) and hence zygosity, monozygotic (MZ) or dizy-
gotic (DZ)[22]. We will therefore discuss this in more detail throughout the chapter.
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35.3 Zygosity and chorionicity
Although twins can be classified into one of two zygosities, their developmental 
pathways are not always obvious. Dizygotic twins develop from two fertilization 
events (two zygotes) and occur in 4-8 per 1000 births or two thirds of twin pregnancies 
(Fig. 35.1A) whereas MZ twins arise from the splitting of a single early embryo 
and occur in 4 per 1000 births or one third of twin pregnancies23 (Fig. 35.1B–D). 
MZ twins can occur in one of three scenarios based on the unproven hypothesis of 
postzygotic division of the conceptus.24

1. Splitting of the early zygote on days 1–3 to the morula stage leads to two separate 
blastula and results in MZ twins with individual placentae (dichorionic, DC), 
individual amnionic sacs (diamniotic, DA) and individual umbilical cords. This 
occurs in one-third of MZ twins25 (Fig. 35.1B).

2. Splitting of the internal cell mass on days 3-8 (during which blastocyst hatching 
occurs) where the twins developing within the single blastula resulting in 
MZ twins with a single shared placenta (monochorionic, MC), individual 

FIG. 35.1 Schematic representation of chorionic and amniotic development of dizygotic 
and monozygotic twins (Taken from Am J Obstet Gynecol with permission).24
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amnionic sacs (DA) and individual umbilical cords (Fig. 35.1C). This occurs in 
approximately two-thirds of MZ twins.26

3. Splitting of the internal cell mass on days 8–13, during implantation where the 
twins developing within the single blastula and results in MZ twins being MC, 
single shared amnionic sac (MA) and individual umbilical cords, occurring in 
only 2% of MC twins26 (Fig. 35.1D).24

Each of these developmental pathways produces a different intrauterine envi-
ronment where each twin may have either their own placenta and amnionic sac, 
a shared placenta and own amnionic sac, or shared placenta and shared amnionic 
sac.

Monozygotic twins share almost 100% of their DNA sequence whereas DZ 
twin share around 50%, the same as at that of singleton siblings.27 All opposite sex 
twin pairs are DZ, and all MC pairs are MZ, with rare exceptions.23,28–30

35.4 Twins as a model for developmental variation
The classical twin design has been widely used to determine the genetic and 
environmental contribution to a wide variety of human traits.31 Contrasting 
characteristics between monozygotic and dizygotic twins are easily determined based 
on their level of genetic similarity and shared and non-shared factors,32,33 the latter 
including stochastic developmental variation and twin-specific environments.33–35 
As such, twin studies can be defined as being a special type of epidemiological 
design where the contribution of genetics is able to be measured as opposed to 
the environment, both shared and nonshared, for any given trait.27 Historically, 
phenotypical discordance within pairs of MZ twins was accredited to non-shared 
environmental factors acting after birth.36 However, more recent studies have also 
attributed these differences to such influences as genetic mosaicism and stochastic 
factors, in addition to the intrauterine environment37 and factors it is influenced by. 
With this in mind, we will navigate some of the environmental influences experienced 
during pregnancy, both internal and external and discuss their influence on DZ and 
MZ twin development.

35.5 The intrauterine environment
MCMZ twins share the same source of nutrition, as opposed to DZ and DCMZ 
twins which each have their own placenta. Therefore, the placental vascular system 
of monochorionic twins must provide ample blood supply to address the needs 
both developing fetuses.22 Although MC twins each have a defined share of the 
placenta, unequal placental sharing is a major cause of fetal growth discordance 
in MZ twins.22,38–40 In addition, compensatory anatomical changes to placental 
blood vessels may exist. Here, MC twins are connected with each other through 
vascular anastomoses (VA).41 VA is a connection between blood vessels to 



62935.6 Twin to twin transfusion syndrome (TTTS)

ensure a continuous supply of blood to the connecting tissue. These can be either 
arterioarterial anastomosis (AA), venovenous anastomosis (VV), venoarterial 
anastomosis, or arteriovenous anastomosis (AV). In a study by Sun et al., 2015, 
of 60 uncomplicated MCDA pregnancies, vascular anastomoses were present in 
100% of cases. Here the authors reported that 96.7% (58/60) presented with AA 
anastomoses while 28.3% presented with VV anastomosis (17/60) indicating that 
both AA and VV can be present in the shared placenta. In a separate study, in 
a group of 53 MC twins, it was determined that 88.7% of cases demonstrated 
VA, of which 71.1% presented with AA, 26.4% with VV and 75.4% with AV 
anastomoses.42 In both studies it was determined that VA occurs in in the majority 
of MC twins.

Interestingly, it was also observed that the diameter of the AA in placentas which 
were unequally distributed between the developing twins were larger when com-
pared to the equally shared placentas, (0.27 ± 0.12 cm versus 0.19 ± 0.1 cm, p < 
0.05, respectively). Furthermore, the distance between cord insertions was shorter 
in the unequally shared group compared to the equally shared group, (14.5 ± 6.0 
cm versus 18.3 ± 6.5 cm, p < 0.05, respectively). This suggests that although there 
appears to be differences in shared blood supply within MC twins due to cord loca-
tion and shared placenta, in most cases, anatomical compensation ensures adequate 
nutrition and perfusion of the twin with the smaller placental part thus protecting 
them against growth restriction and other pathology.43 However, unbalanced inter-
twin blood transfusion such as that caused by arteriovenous (AV) anastomoses may 
lead to various complications, including twin-to-twin transfusion syndrome (TTTS), 
selective fetal growth restriction (sFGR) and twin anemia polycythemia sequence 
(TAPS).44 Each of these conditions can result in increased risk for neurodevelop-
mental disorders NDD.

35.6 Twin to twin transfusion syndrome (TTTS)
In extreme cases, VA within the shared placenta of MCDA and MCMA twins may 
result in TTTS (1-3 per 10,000 births).45 Research has shown that the most severe 
TTTS results from a single unidirectional deep arterial-venous (AV) anastomoses 
while milder cases are indicated by additional bidirectional superficial AA 
anastomosis or VA shunts (≤ 1mm diameter).46 In addition, it has been demonstrated 
that AA anastomoses are thought to be protective against TTTS and are therefore 
decreased in twin gestations with TTTS.47

TTTS occurs in approximately 8%–15% of MCDA pregnancies compared to 
2 to 3% of MCMA pregnancies.45,48–50 TTTS is distinguished by the twin oligo–
polyhydramnios sequence (TOPS).51 Here the donor twin can experience hypovo-
lemia (low extracellular fluid volume) and oligohydramnios (abnormal reduction 
in amniotic fluid) while the recipient twin produces hypervolemia (high extracel-
lular fluid volume) and polyhydramnios (abnormal increase in amniotic fluid) and 
hepatosplenomegaly (a disorder where both the liver and spleen swell beyond their 
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FIG. 35.2 Illustration of Twin-to-Twin Transfusion Syndrome (TTTS).

Figure demonstrates vascular anastomosis in monochorionic diamniotic twins. Twin 
1(donor) donates blood and nutrients to twin 2 (recipient). Donor twin experiences 
reduced blood supply leading to poor fetal growth, low amnionic fluid, dehydration, and 
urine output. Recipient twin experiences increased bold supply resulting in high blood 
pressure and excessive urination and Polyhydramnios (excessive amniotic fluid) (Figure 
adapted from fig.3, Am J Obstet Gynecol with permission).24.

normal size)45 (Fig. 35.2). Continued progression of TTTS may lead to accelerated 
expansion of the uterine cavity and shortening of the cervix resulting in preterm 
labor or preterm rupture of the membranes52 while early onset and non-treatment 
can result in high mortality rates, >90% for both twins45 with fetal deaths usually 
due to cardiac failure.48 Furthermore, twins are at risk of morbidity associated 
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with prematurity, such as respiratory distress syndrome, chronic lung disease, nec-
rotizing enterocolitis, and cerebral injury, including intraventricular hemorrhage 
(IVH), major cerebral lesions and periventricular leukomalacia (PVL).53 As such, 
TTTS often requires surgical correction by laser photocoagulation of communicat-
ing placental vessels which can reduce the perinatal mortality rate to 30%–50%.48 
The current survival rate of one or more fetuses following laser surgery is >90% 
with at least one in five survivors of TTTS have serious adverse neurodevelop-
mental outcomes (usually cerebral palsy).54 In addition, almost two-thirds of preg-
nancies complicated by TTTS also present with selective fetal growth restriction 
(sFGR), suggesting an underlying association between the pathogeneses of both 
disorders.55,56

35.7 Selective fetal growth restriction (sFGR)
Selective fetal growth restriction (sFGR), also referred to as selective intrauterine 
growth restriction (sIUGR) is primarily due to unequal placental sharing and is 
observed in approximately 10%–15% of monochorionic twin pregnancies.57,58 
However, it has been reported to be as high as 26.5%.59 Specifically, sFGR is 
identified if cases where one fetus has an estimated fetal weight (EFW) below 
the 10th percentile and where the within twin pair EFW discordance is greater 
than 25%.58,60 Further classification of sFGR is determined by the level of end 
diastolic flow (EDF) in the umbilical artery of the smaller fetus and is designated 
as being Types 1–3. Type I is assigned where EDF is positive whereas in Type 
II the EDF is absent or reversed. In both cases the fetus is monitored to define 
the most appropriate time of delivery. If TTTS is present, laser photocoagulation 
surgery is recommended. Type III sFGR is defined where EDF is intermittent, and 
the two umbilical cords are closely adjacent resulting in the pregnancy behaving 
similar to that of monoamniotic twins. Type III rarely develops TTTS; however, 
unexpected death occurs in 20–30% of cases.61 Both Type II and III have a high 
prevalence of perinatal morbidity and mortality.58 In a study by Groene et al., 2019, 
investigating twins with TTTS and sFGR it was noted that the proportion of TTTS 
neonates born small for gestational age (SGA) was 21% (73/352) in the TTTS-only 
group and 49% (231/465) in the TTTS + sFGR group (p < 0.0001).55 Furthermore, 
placentas in the TTTS + sFGR group more often presented with an AA anastomosis 
(51/296 (17%) − 19/203 (9%) p = 0.013), VCI (116/440 (26%) − 61/330 (19%), 
p = 0.007) and unequal placental sharing (33.6 (18.1–52.0) − 22.1 (10.7–37.2), p < 
0.0001), when compared to TTTS-only, respectively. Severe neurodevelopmental 
impairment in long-term survivors between the TTTS-only and TTTS + sFGR 
groups was similar with no significant difference, 7% (13/198) and 9% (27/299), 
respectively (p = 0.385).55 It is suggested that TTTS with coexistent sFRG prior 
to laser surgery results in a more severe initial presentation and decreased donor 
perinatal survival. Furthermore, sFGR is independently associated with decreased 
perinatal survival.55
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35.8 Twin anemia–polycythemia sequence (TAPS)
TAPS is a chronic form of fetofetal transfusion in monochorionic twins through 
small anastomoses at the placental surface.62,63 TAPS is characterized by a large 
intertwin hemoglobin difference without signs of TOPS and can occur spontaneously 
with an incidence of 1% and 5%. However, it is more frequently diagnosed after 
treatment of TTTS with fetoscopic laser surgery occurring in 1% to 16% of such 
cases.62–64 In a study by Slaghekke et al. (2014), the authors found that 11% (33/306) 
of MC twin pairs developed TAPS following laser surgery for TTTS and a survival 
rate of 80% (53/66). A follow up study on 89% (47/53) of these children included 
neurological examination and an assessment of cognitive and motor development 
using the Dutch version of the Bayley Scales of Infant and Toddler Development 
(BSID). Results determined that 9% (4/47) of these children were identified as 
positive for neurodevelopmental impairment, comprising one donor (1/20; 5%) and 
three recipients (3/27; 11%) (p = 0.63). Furthermore, mild-to-moderate cognitive 
delay, i.e., scores below 85, were detected in 8/47 (17%) children. Risk factors for 
low cognitive scores were determined to be low gestational age at birth (p = 0.02) 
and low birth weight (p < 0.01) indicating reduced growth in utero. Moreover, the 
lowest cognitive scores (median score, 82.5) were detected in TAPS survivors who 
were treated with intrauterine transfusion.62

35.9 Neurodevelopmental disorders
Neurodevelopmental disorders (NDD) are multifactorial conditions characterized 
by impairments in cognition, communication, behavior, and/or motor skills resulting 
from abnormal brain development. NDDs includes conditions such as intellectual 
disability (Intellectual Developmental Disorder), communication disorders, 
attention-deficit hyperactivity disorder (ADHD), autism spectrum disorder (ASD), 
cerebral palsy (CP), schizophrenia,65 and epilepsy.66 NDD’s (except epilepsy) 
require a diagnosis under the Diagnostic and Statistical Manual of Mental 
Disorders Version 5 (DSM-5) criteria. Epilepsy diagnosis requires an accurate 
historical description of an event suspected to be a seizure and the appropriate use 
of a confirmative test, such as electroencephalogram (EEG), neuroimaging, and 
genetic studies.67

35.10 Attention-deficit hyperactivity disorder
ADHD is a NDD classically characterized by symptoms of inattention, impulsivity, 
and hyperactivity with an onset which typically manifests in early childhood.68 The 
current worldwide prevalence of ADHD is approximately 2.2%; however, it has 
been estimated in children and adolescents (aged <18 years) to be as high as 8.1% 
(USA) and as low as 0.1% (Iraq).69 ADHD is a common childhood disorder which is 
estimated to occur more often in twins than singletons.70,71
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35.11 Autism spectrum disorder
ASD is a complex developmental condition where a child must present with persistent 
deficits in each of three areas of social communication and interaction plus at least 
two of four types of restricted, repetitive behaviours.72 ASD is characterized by some 
degree of impaired social behavior, communication and language, and a narrow 
range of interests and activities that are both unique to the individual and carried 
out repetitively. ASD has become more recognized since 2000 with the current 
worldwide prevalence estimated at 1 in 160 children73 to as many as 1 in 54 children 
as determined in the USA.74 Furthermore, although males are four to eight times 
more likely to be affected by a neurodevelopmental disorder than females,75 the 
ratio of males to females for ASD is closer to 3:1.76 According to a recent meta-
analysis, correlations for MZ were almost perfect at 0.98 (95% Confidence Interval, 
0.96–0.99). The DZ correlation, however, was 0.53 (95% CI 0.44–0.60) when 
ASD prevalence rate was set at 5% (in line with the Broad Phenotype of ASD) and 
increased to 0.67 (95% CI 0.61–0.72) when applying a prevalence rate of 1%.77 Twin 
and family studies have demonstrated that both genetic and shared environmental 
effects contribute to ASD aetiology.2,77–79

35.12 Cerebral palsy
CP is the most common physical disability in children and originates from a non-
progressive damage to the immature brain.80 However, a diagnosis of CP cannot 
usually be made at birth and in some cases may be delayed until 2–3 years of age81 
with the etiology of CP being generally unknown.80 Although the current prevalence 
of CP is around 2.1 per 1000 live births,80,82 the prevalence in multiple births is 
almost four times that of singletons.81,82 It has been reported that there are many 
factors that may be responsible for this increased risk in multiple birth pregnancies, 
with the most likely being low birth weight and preterm birth, both known risk factors 
for CP.81 CP involved several comorbidities including increased risk of blindness, 
deafness, autism spectrum disorders, and ADHD with one of the most common 
comorbidities of CP being epilepsy.80

35.13 Schizophrenia
Schizophrenic is a serious mental disorder in which people interpret reality 
abnormally. Although the lifetime risk in the general population is <1%83 it can rise 
to as much as 40% in MZ of affected people.84 Estimated concordance rates of 50% 
in MZ twins and 10%–19% in DZ twins have previously been reported.84,85 In one 
study, 31 MZ and 28 DZ schizophrenic probands and their co-twins were personally 
interviewed with structured diagnostic instruments and classified according to DSM-
III-R criteria. The concordance rates of 48% for MZ twins and 4% for DZ twins 
indicating a strong genetic influence on schizophrenia.86
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35.14 Epilepsy
Epilepsy is a neurological disorder associated with abnormal electrical activity in the 
brain which can result in sudden recurrent episodes of sensory disturbance, loss of 
consciousness, or seizures. The type of seizures, and severity of the epileptic condition, 
are strictly relate to the brain regions that are affected by the overactivity.66 Epilepsy 
is the fourth most common neurological disorder and affects 1 in 26 people in the 
United States and 65 million people worldwide.87 The causes of epilepsy are divided 
into the several categories: structural, genetic, infectious, metabolic, immune, and 
unknown. Although, epilepsy can be caused postnatally by cerebral trauma, stroke, 
neural infection and brain tumors, it can also manifest prenatal from causes such as 
brain damage from loss of oxygen (hypoxia/hypoxemia), trauma during birth or low 
birth weight, congenital abnormalities or genetic conditions with associated brain 
malformations.88 Studies into the causes of epileptic seizures and syndromes in twins 
have confirmed significantly higher concordance rates for MZ twins compared to 
DZ twins for both epileptic seizures (0.56 for MZ and 0.21 for DZ pairs, p < 0.001) 
and for epilepsy (0.49 for MZ and 0.16 for DZ pairs, p < 0.001).89 The results of 
this study found that genetic factors accounted for 80% of epilepsy. As epilepsy is 
associated with brain abnormalities it is commonly associated with other NDDs such 
as CP,80 ASD,90 ADHD,91 and schizophrenia.92

35.15 Environmental influences on 
neurodevelopment in twins
In this section we will discuss both internal and external environmental influences on 
neurodevelopment in twins. Internal influences will focus on biological influences 
of maternal health conditions such as maternal infections and immune activation, 
obesity,93 diabetes,94 and hypertension95 are all conditions which can affect fetal 
neurodevelopment. External influences will focus on maternal smoking and alcohol 
intake.

35.16 Maternal immune activation
Maternal immune activation (MIA) can be defined as measured levels of inflammatory 
markers, such as interleukin-6, exceeding normal range or more broadly defined as 
levels of these markers in the higher normal range.96 Maternal inflammatory conditions 
that develop during pregnancy, such as infection or high body mass index, can lead 
to a state of MIA.96 Medical conditions experienced during pregnancy can induce 
placental programming leading to changes in developmental trajectory and ultimately 
affecting the fetus.97 Neurodevelopmental and psychiatric disorders such as ASD, 
cognitive impairment, CP, epilepsy, and schizophrenia have all been linked to early 
life inflammation98 and more specifically MIA.96 For example, studies have shown a 
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twofold increase in the risk of ASD in offspring associated with maternal influenza 
infection.99,100 Furthermore, in pregnant rodents, injection with the viral immunostimulant 
polyinosinic:polycytidylic acid (poly I:C), resulted in the release of inflammatory 
cytokines.101 Several of these cytokines, including IL-6 and IL-1β, in addition to 
type 1 interferons are currently implicated in MIA-induced neurodevelopmental 
impairment.101 Inflammatory cytokines have the ability to pass through the placenta 
to the developing fetus and are essential for normal brain development.102 However, 
immune-induced inflammation can result in increased occurrence of adverse neural 
events resulting in a direct effect on brain development. Further studies using MIA mice 
induced by polyI:C have produced offspring with abnormalities in behavior, cognition, 
and gene expression reminiscent of NDD including autism and schizophrenia.103 
Maternal exposure to influenza during early to mid-gestation has been associated with 
a threefold increased risk of schizophrenia.104

Although the occurrence of MIA is not directly influenced by multiple birth 
pregnancies, the increased susceptibility to infection in twin gestation may subse-
quently lead to MIA. In a recent study into immunological changes in pregnancy 
and increased susceptibility to infection for women with multiple versus singleton 
gestations, logistic regression analysis was used to determine the odds ratios and 
95% confidence intervals for demographic data, pre-existing medical conditions, and 
acute medical and infectious complications. It was determined that for women with 
multiple gestation, 38.4 per 1000 women had an infectious complication compared 
to 12.8 per 1000 women with singletons (OR 3.12, CI 3.05, 3.18 for composite infec-
tion). Furthermore, the most significant infectious morbidities associated with multi-
ple gestation were intestinal infections, pyelonephritis, influenza, and pneumonia.105 
Each of these conditions has reportingly been indicated in MIA.106 In addition, in 
a recent Swedish population-based cohort study of children born between 1973 and 
2014, the author identified an association between MIA and ASD risk when the ma-
ternal infection was severe (sepsis, pneumonia, pyelonephritis, meningitis, influenza, 
and chorioamnionitis).106,107 Additional findings have reported that although mild 
cases of maternal influenza were not associated with an increased risk of having a 
child with ASD more severe cases requiring hospitalization were associated with an 
increased risk of ASD.106,108,109

35.17 Maternal obesity and gestational diabetes
Maternal obesity has been indicated to impact on brain development and cognitive 
function in offspring.93,110 High fat diets and severe cases of obesity can induce 
low grade neural inflammation from chronic activation of the innate immune 
system.111 In addition, increases in oxidative stress, dysregulated insulin, glucose, 
and leptin signaling; dysregulation in serotonergic and dopaminergic signaling; 
and perturbations in synaptic plasticity and DNA methylation patterns have been 
observed.112–115 The risk of each of these outcomes are increased in the presence of 
diabetes.99
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Pregnant mothers suffering from gestational diabetes mellitus (GDM), a condi-
tion associated with low grade chronic inflammation116 demonstrate a significantly 
higher risk of producing a child with ASD (hazard ratio 3.91, 95% confidence inter-
val 1.76–8.68).116 However, the occurrence of GDM in twin pregnancies appears to 
be conflicting with multiple recent studies reporting no increase in the occurrence of 
GMD in twins pregnancies; however, the presence of GDM in twins pregnancy is a 
risk factor for adverse maternal outcomes which can lead to preterm birth.117

35.18 Maternal hypertension
Hypertensive disorders in pregnancy include gestational hypertension (GH) and 
preeclampsia (PE).118,119 GH is defined as having a blood pressure greater than 
140/90 on two separate occasions at least 6 hours apart whereas the appearance of 
proteinuria indicates that PE has developed. PE is the leading cause of maternal and 
perinatal morbidity.118,120 Prolonged GH can initiate a series of events resulting 
in adverse in utero conditions leading to PE. The etiology of PE originates from 
abnormal remodeling of the maternal spiral arteries at the maternal-placental 
interface, leading to an ischemic placenta that releases factors that drive the 
pathophysiology.121 The onset of PE results in the increase stimulation of placental 
and renal Toll-like receptor 4 (TLR4) receptors. TLRs are a critical component of the 
innate immune system where they function as rapid pathogen sensors.122 Stimulation 
of TLR4 leads to the increased release of pro-inflammatory cytokines and placental/
renal dysfunction.123,124 Furthermore, PE is also associated with a decrease in anti-
inflammatory cytokines123,125,126 therefore amplifying the inflammatory state. PE 
can lead to altered fetal development and increase the risk of long term psychiatric 
and cognitive outcomes.118 Mothers who are pregnant with multiple births are at 
an estimated 3-4 times higher risk for preeclampsia.127,128 For example, twin births 
experience an overall rate of 9.5% being a 2-3-fold increase over singletons births 
with nulliparity (adjusted odds ratio (OR) 1.57, 95% confidence interval (CI) 1.02–
2.41).129 A study by Campbell, D.M and MacGillivray, I., (1999) determined that 
preeclampsia is more common in association with monochorionic placentation 
placing MZ twins at a greater risk.130

35.19 Maternal smoking
Smoking, both direct and passive,131 has been long recognized to impact on fetal 
and infant development. Tobacco smoke contains thousands of health-threatening 
chemicals, many of which are potentially toxic and oxygen depriving, contributing 
to alterations in neurotransmitter activity in the developing brain.132,133 Nicotine and 
carbon monoxide are two substances in tobacco smoke with the highest risk to the 
developing child.134 Nicotine from both active and passive smokers has been shown 
to cross the placenta and accumulates in the fetal compartments from as early as 
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7 weeks of gestation.132,133 Nicotine can cause preterm delivery, low birth weight, 
and poor physical growth due to its constrictive effect on uterine blood vessels.135 
Nicotine exposure early in fetal development in experimental animals has adverse 
effects on synaptic development and function of serotonin systems as well as those 
of other monoamines (dopamine, norepinephrine), resulting in neuronal damage and 
cell death.136 Some of these negative effects including low birth weight, very low 
birth weight, and extreme premature delivery are significantly higher for women 
carrying twins.137

35.20 Alcohol
Alcohol is a teratogen, and it can cause lasting birth defects.138 Alcohol intake during 
pregnancy has been linked to numerous forms of neurodevelopmental damage, from 
developmental delay, intellectual impairment, growth disturbance and behavioral 
changes. Where only some of the clinical signs of prenatal exposure to alcohol 
are present the condition is referred to as fetal alcohol effects (FAE) whereas fetal 
alcohol syndrome disorder (FASD) is typically indicated for heavy drinkers.139 
FASD demonstrates many of the symptoms from mild alcohol exposures but can 
include minor craniofacial anomalies and birth defects in addition to behavioral 
problems throughout life. FASD is prevalent in 0.77% of the global population with 
European/ North American rates ranging from 2% to 5%.140 The outcome of alcohol 
intake, however, is influenced by the genetics of the fetus. In an early study, it was 
shown that DZ twins exposed to similar amounts of alcohol at the same time during 
gestation had differences in fetal susceptibility to ethanol-induced dysmorphogenesis 
with one child displaying FASD and the other FAE.141 This was later confirmed 
by Hemingway, (2019) in addition to reporting that twins with identical DNA 
(MZ) experiencing identical alcohol exposure demonstrated identical fetal alcohol 
symptoms whereas four pairs of DZ twins demonstrate symptoms at opposite ends 
of the spectrum suggesting that fetal genetics may influence fetal vulnerability.142

35.21 The female reproductive microbiome
Microbial populations have previously been identified in the urogenital system including 
the vagina; however, recent advances in next generation sequencing technology 
have detected microorganisms residing in the uterus, fallopian tubes, ovaries, and 
placenta.143 Along with the vagina, these areas are believed to be primarily populated 
from the gastrointestinal tract (GIT) and oral microbiota.144 In female humans, the 
vagina and cervix harbor a microbiome designed to maintain a protective acidic 
barrier for the reproductive organ containing >95% Lactobacillus spp with the highest 
diversity of species located proximal to the cervical entrance. Dysbiosis (the imbalance 
of microbiota homeostasis) of the vaginal microbiota can result in conditions such as 
bacterial vaginosis (BV) causing severe reproductive health outcomes.143
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A large proportion of PTB (40% in the USA) are associated with intrauterine 
infection, which triggers an inflammatory response.145 It has been hypothesized 
that pathogenic bacteria or other microbes entering the lower genital tract during 
sexual intercourse,146 times of altered cervical mucin confirmation143 or when 
compromised during pregnancy38 may pass by vertical ascension through the cer-
vix leading to intrauterine infection. Maternal vaginal infections such as bacterial 
vaginosis (BV), a condition derived from dysbiosis of the virginal microbiome 
resulting in replacement of vaginal lactobacilli by an overgrowth of Gardnerella 
vaginalis, anaerobes, and mycoplasmas, may also contribute to an inflammatory 
state during or after conception.147 It has therefore been hypothesized that dysbio-
sis of the reproductive microbiome may be associated with increased probability 
of ASD in offspring through MIA. Recent studies of dysbiosis in the GIT of mice 
have identified increased CD4+ Th17 cells and  inflammatory cytokines linked to 
autistic behaviour.148 Studies on dysbiosis of the female reproductive tract (FRT) 
at the cervicovaginal interface have identified increased genital antigen presenting 
cell activation, bacteria induced CD4+ Th17 cells and pro-inflammatory cytokines, 
which induce a state of MIA.149 Excessive Th17 immunity may induce uncontrolled 
neutrophil infiltration at the maternal-fetal interface while excessive Th17 cells have 
been detected in the decidua and peripheral blood of aborted fetuses.150–154 Epi-
demiological studies suggest that exposure of a fetus to maternal inflammation in-
creases the chance of developing ASD149 and multiple infections during pregnancy 
were associated with increased risk of ASD (OR adj = 1.36, 95% CI 1.05–1.78).109 
To date there has been no indication of increased prevalence of bacterial vaginosis 
in twin pregnancies.155

Conversely, intrauterine viral infections during pregnancy by pathogens such 
as Zika virus (ZV), Cytomegalovirus (CMV), Rubella, and Herpes Simplex vi-
rus (HSV) can increase the risk of prenatal as well as postnatal NDD.157 For 
instance, ZV transmission can result in microcephaly, CMV can result in schizo-
phrenia and HSV-2 infection has been implicated in ASD.157 In a recent meta-
analysis of five articles following at-risk pregnancies, it was determined that 
the rate of vertical transmission in twin pregnancies is 58.7% (95% CI 43.3%–
72.3%) whereas in singleton pregnancies it is 31.4% (95% CI: 29.0%–34.0%) 
p = 0.0002. Furthermore, it was determined that discordance of congenital CMV 
in twins is not rare, by identifying 21 of 42 twin pairs with at least one twin in-
fected (50.0%, 95% CI: 34.4%–65.6%).158 A similar finding has also been iden-
tified for discordance in ZV transmission demonstrating that each twin should 
be evaluated independently for vertical transmission.159 As with bacterial infec-
tions, it has been established that regardless of the virus, MIA and the subsequent 
inflammatory response may be a key determinant of viral induced neurological 
outcomes.157 Therefore, the development of an accurate inflammatory profile 
for specific infections and subsequent treatment targeting multiple inflammatory 
indicators following viral or bacterial infection may lead to a successful NDD 
therapy during pregnancy.157
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35.22 Conclusion
The prevalence of NDDs is reported to be consistently higher in twins than in 
singletons due to lower birth weights and gestational age at birth which are 
common traits in twins, and are two major factors associated with increased risk of 
neurodevelopmental disabilities.160 However, environmental factors linked to MIA 
are also highly indicated as causes of NDD in twins and in many cases are more 
prevalent than in singleton births. In addition, studies have repeatedly shown that 
males have a higher incidence of NDD than females.160,161 The classic twin model is 
ideal to estimate the proportion of variance of any phenotype due to genetics, shared 
and non-shared factors.32,33 Future studies into NDD should focus on environmental 
factors relating to activation of the maternal immune response and the effect on 
genetic expression (epigenetics) (See Chapter 30). These studies may lead to a 
greater understanding of the causes of NDD and subsequent intervention.
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36.1 Basic concepts of the microbiome and microbial 
analysis: what are the differences between classical 
microbiology and microbiome studies?
It is estimated that about 30 trillion microbes (similar to the total number of human 
cells) inhabit an adult with 70 kg body weight. Thus, the number of microbial genes 
living in a human is hundreds of times more than that of human genes. Due to the 
enormous functional diversity of microbes, host, and microbes form an ecosystem, 
resembling a “rain forest.” Each individual constitutes various shapes of microbial 
communities. The differences in the composition of this microbial community and 
their metabolites are thought to be one of the factors of disease susceptibility of the 
host and response to the treatment. Therefore, the study has increased dramatically to 
elucidate the biological role of microorganisms in human health over the past decade. 

Microbes were found to contribute to the maintenance of homeostasis in the body 
by regulating host metabolism, by connecting in host immune or hormonal system 
through their metabolites.1 Humans and microorganisms mainly have a symbiotic 
relationship exchanging complex chemicals or through metabolic interactions.2 Di-
gestion of dietary fibers into sugars is one of the representative examples of human-
microbial symbiosis.3 Although the human body does not have enzymes to digest 
complex carbohydrates such as fibers, it is an important energy source for the gut 
microbiota. Some anaerobic bacteria can metabolize fibers into short-chain fatty ac-
ids (SCFA) under specific conditions, which are then reabsorbed by the gut. The vital 
role of the short-chain fatty acid as anti-inflammation mediators in inflammatory 
bowel diseases (IBD) is now well understood.4

The maintenance of a healthy balance between the microorganism and the host is 
called eubiosis. For example, the gut commensal microbes are known to be involved 
in the formation of a physical barrier in the gut, either by making them resistant to 
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invasion by pathogenic bacteria, or by regulating the digestion and absorption of 
nutrients that provide energy to epithelial cells.5–8 The disruption of the balance due 
to a change in the composition of the microbial community can lead to proliferation 
of pathogenic bacteria which is called dysbiosis. Many studies have suggested that 
dysbiosis may be directly related to the development of inflammatory or metabolic 
diseases such as obesity and cancer.9,10 However, it is still difficult to clearly explain 
how changes in microbial composition and abundance lead to the development of 
common complex diseases.

Although the structure, function, and interactions of microorganisms play an 
important role in human metabolism, the identification, quantification, and char-
acterization of microorganisms to identify them is quite difficult. The classical 
microbiology approach was based on cultivation-dependent techniques. This ap-
proach was often time-consuming and has been limited to the discovery of aerobic 
bacteria such as Escherichia coli, readily proliferating organisms in the laboratory, 
and majority of microbial species that have been difficult to culture. Moreover, the 
microbes that affect human health were thought to be pathogenic organisms, so the 
focus of classical microbiology was mainly on pathogens that occasionally caused 
devastating pandemics such as Plaque, cholera, or smallpox.11–13 The presence 
of a wide variety of nonpathogenic micro-organisms, a.k.a “normal flora,” was 
also well understood, but these were not the primary target of medical or clinical 
research.

In the 1980s, great progress was in microbiology research, with the development 
of culture-independent techniques, primarily PCR-based methods. The rapid devel-
opment of DNA sequencing technology enabled researchers to identify numerous 
microbes at once, leading to a new field of “microbiome” (meaning a study of the? 
whole microbiota). The basic principle of this methodology is not to harvest bacterial 
DNA from isolated cultures in vitro, but rather to analyze DNA extracted directly 
from the samples. This allows researchers to investigate not only various aspects of 
the microbial communities but also the biological function of the whole microbiome. 
Notably, the Human Microbiome Project (HMP) was a landmark study that success-
fully characterized the taxonomic diversity and functional significance of the human 
microbiome with the support of the National Institute of Health (NIH).13 However, 
the classical method of identifying microorganisms depended on visual (microscop-
ic) identification is still useful when characterizing an important microorganism of 
interest. Table 36.1 compares the fundamental differences between the microbiome 
approach with the classical microbiology.

To summarize, microbiome is a research field studying microorganism as a 
whole, not limited to specific pathogens. Within relatively short period time, the 
microbiome studies have contributed to broaden our understanding of human 
health in view of microbial diversity and symbiosis-dysbiosis (=impaired sym-
biosis) between humans and microbes. Microbiome studies are still evolving to 
add new types of therapeutics for more and more human diseases and health 
conditions.



65136.1 Basic concepts of the microbiome and microbial analysis:

TA
B

LE
 3

6
.1

 C
on

ce
pt

ua
l c

om
pa

ri
so

ns
 b

et
w

ee
n 

cl
as

si
ca

l m
ic

ro
bi

ol
og

y 
an

d 
m

ic
ro

bi
om

e 
ap

pr
oa

ch
 w

it
h 

an
 a

na
lo

gy
 t

o 
th

e 
ge

no
m

ic
s 

(M
en

de
lia

n 
di

se
as

e*
 v

er
su

s 
co

m
m

on
 c

om
pl

ex
 d

is
ea

se
**

 g
en

om
ic

s)
.

C
o

nv
en

ti
o

na
l m

ic
ro

b
io

lo
g

y
M

ic
ro

b
io

m
e

H
um

an
 g

en
o

m
e 

an
al

o
g

y

Ta
rg

et
 m

ic
ro

be
s

S
in

gl
e 

of
 li

m
ite

d 
nu

m
be

r 
of

 
pa

th
og

en
s

N
um

er
ou

s 
m

ic
ro

be
s 

in
cl

ud
in

g 
no

r-
m

al
 fl

or
a 

(A
im

in
g 

at
 “

to
ta

l m
ic

ro
be

s”
)

“D
is

ea
se

 G
en

es
” 

fo
r 

M
en

de
lia

n 
D

is
-

ea
se

 a
re

 li
ke

 “
pa

th
og

en
s,

” 
w

he
re

as
 

nu
m

er
ou

s 
“s

us
ce

pt
ib

ilit
y 

lo
ci

” 
un

-
de

rly
in

g 
co

m
m

on
 d

is
ea

se
s 

ar
e 

lik
e 

“m
ic

ro
bi

om
e”

M
et

ho
ds

 fo
r 

id
en

tifi
ca

tio
n

M
ic

ro
sc

op
e 

an
d 

cu
ltu

re
D

N
A

 S
eq

ue
nc

in
g 

an
d 

cu
ltu

ro
m

ic
s

Li
nk

ag
e 

st
ud

ie
s 

(h
ig

h 
pe

n-
et

ra
nc

e)
 v

er
su

s 
A

ss
oc

ia
tio

n 
st

ud
ie

s 
(lo

w
 p

en
et

ra
nc

e)
Id

ea
s 

ab
ou

t t
he

 re
la

tio
ns

hi
p 

be
tw

ee
n 

ho
st

 a
nd

 m
ic

ro
be

s
M

ic
ro

be
s 

ca
us

es
 d

is
ea

se
s 

an
d 

illn
es

s
H

os
t a

nd
 m

ic
ro

be
s 

co
ns

tit
ut

e 
an

 
ec

os
ys

te
m

D
et

er
m

in
is

tic
 (h

ig
h 

pe
ne

tr
an

ce
) v

er
su

s 
pr

ob
ab

ilis
tic

 (l
ow

 p
en

et
ra

nc
e)

go
al

s
R

em
ov

in
g 

pa
th

og
en

s
S

uc
ce

ss
fu

l S
ym

bi
os

is
 (d

is
ea

se
 

su
sc

ep
tib

ilit
y)

, r
es

to
rin

g 
a 

he
al

th
y 

ec
os

ys
te

m

D
ia

gn
os

tic
 a

nd
 th

er
ap

eu
tic

 ta
rg

et
s 

(b
ot

h)

M
et

ho
ds

 fo
r 

co
nt

ro
l

A
nt

ib
io

tic
s 

an
d 

va
cc

in
es

P
ro

- 
an

d 
pr

eb
io

tic
s/

P
re

se
rv

in
g 

di
ve

rs
ity

G
en

ot
yp

ic
 in

te
rv

en
tio

n 
(b

irt
h 

co
ns

ul
t 

or
 g

en
e 

th
er

ap
y)

 v
er

su
s 

ph
en

ot
yp

ic
 

in
te

rv
en

tio
n 

(li
fe

-s
ty

le
 m

od
ifi

ca
tio

n)
 fo

r 
th

e 
ca

rr
ie

rs

* M
en

de
lia

n 
di

se
as

es
 in

 g
en

om
ic

s 
is

 “
a 

si
ng

le
-g

en
e 

di
so

rd
er

 th
at

 is
 h

er
ita

bl
e 

an
d 

ha
s 

a 
ve

ry
 h

ig
h 

pr
ob

ab
ilit

y 
of

 d
ev

el
op

in
g 

illn
es

s 
ev

en
 a

t e
ar

ly
 s

ta
ge

 o
f l

ife
.”

 P
ol

y-
cy

st
ic

 k
id

ne
y 

di
se

as
e,

 h
em

op
hi

lia
, a

nd
 H

un
tin

gt
on

's
 d

is
ea

se
 a

re
 th

e 
ty

pi
ca

l e
xa

m
pl

es
 o

f M
en

de
lia

n 
di

se
as

es
.

**
C

om
m

on
 c

om
pl

ex
 d

is
ea

se
s 

ar
e 

ca
us

ed
 b

y 
m

ul
tip

le
 fa

ct
or

s,
 in

cl
ud

in
g 

ge
ne

s,
 e

nv
iro

nm
en

ts
, a

nd
 li

fe
st

yl
es

, t
og

et
he

r 
w

ith
 th

e 
in

te
ra

ct
io

ns
 w

ith
in

 a
nd

 b
et

w
ee

n 
th

em
. H

ea
rt

 d
is

ea
se

s,
 c

an
ce

rs
, d

em
en

tia
 a

re
 th

e 
ty

pi
ca

l e
xa

m
pl

es
.



652 CHAPTER 36 Microbiome studies and twin research

36.2 Analytic approaches in microbiome studies
Starting with an early DNA-based method of extracting DNA of a microbial 
community of interest using fluorescence in situ hybridization (FISH), followed by 
the development of a polymerase chain reaction (PCR) method, and 16S ribosomal 
RNA (rRNA) gene-based microbial profiles became possible.14 16S rRNA is a 
bacteria-specific ribosome, essential for all known bacterial species. The 16S rRNA 
gene encodes 16S rRNA and known to have about 9 regions (hundreds of base pairs 
each) which are highly diverse, thus good targets to classify bacterial species. Taking 
advantage of this scientifically proven characteristics of 16S rRNA genes, 16S 
rRNA genes have been the “marker gene” to identify and classify bacteria in the first 
generation of microbiome studies.15 The concept of identifying bacterial taxa using 
this region was proposed by Carl Woese in the 1970s,16 and during 2001–2007, 215 
novel bacterial species were identified using 16S rRNA gene sequencing, of which 
29 were classified as new genera.17 Oral/dental and gastrointestinal specimens were 
the most important reservoirs of new species and most anaerobes were found in the 
oral cavity and/or gastrointestinal tract.

The 16S rRNA gene has nine hypervariable regions (V1–V9) that can be used 
to distinguish taxa, including conserved regions. Rather than sequencing the entire 
16S rRNA gene, deep sequencing of shorter sub-regions using massively parallel se-
quencing techniques of short read length was preferred.18 Targeting only variable re-
gions in the 16S rRNA genes is a “quick and dirty” method, compared with the whole 
DNA sequencing approach (called “whole metagenome sequencing (WMS)”). Ex-
cept for the fact that WMS requires more analytic costs, the taxonomic results from 
WMS are generally more accurate than that from the 16S rRNA markers. In addition, 
there are multiple protocols by the choice of variable regions (out of 9 variable re-
gions in the 16S rRNA genes) and sometimes inconsistency exists between different 
protocols of 16S rRNA marker analysis.19–24

Since the HMP project launched the “Phase 2, or iHMP (integrated HMP)” proj-
ect in 2014,25 WMS is rapidly replacing the above-mentioned 16S rRNA analysis. 
WMS utilizes fragments of the genomic DNA sequence obtained after breaking the 
whole genomic DNA of a sample. The sequence reads are compared against avail-
able databases either directly or after being assembled into continuous DNA frag-
ments (= “contigs”). This allows the identification of de novo microbial genes not 
previous identified, and also has the advantage of predicting biological processes and 
pathways by comparing the genes to databases such as KEGG (the Kyoto Encyclo-
pedia of Genes and Genomes).26

36.3 Assessing taxonomic composition, function, and 
diversity of microbial community
Frequently, the primary purpose of research lies in comparing the relative abundance of 
taxa between the host groups of interest. For instance, if certain bacterial species show 
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significant differences in relative abundance between IBD patients’ stools and healthy 
controls, we can hypothesize that the microbes may be associated with the disease, 
IBD. The diversity of microbes is also an essential measure of the microbial ecosystem.

As shown in Box 36.1, there are two basic types of diversity: α-diversity is an 
index estimating how many “different” microbial taxa could be detected in a sample, 

Box 36.1 Key terms and concepts of microbiome

- Microbiology usually studies specific (often one) microorganism(s) of interest, while 
microbiome studies total microorganisms, and tries to understand overall microbes. (e.g., gut 
microbiome) This “totality” is not limited to the realm of bacteria, and often includes virus, 
archaea, and fungi.

- Diversity matters: given the totality of the microbiome research, diversity is usually evaluated 
first prior to focusing on specific microbes. There are two types of measures for estimating 
diversity (Fig. 36.1). (1) α-diversity (=within sample diversity) measures how many 
different species exist within certain local area (in ecology), or host system (in health). (2) 
β-diversity (=between sample diversity) measures how many nonoverlapping (unique) taxa 
exists in a certain area, host, or system. For example, As shown in Fig. 36.1, each species 
of microbes contributes to α-diversity regardless whether the species are shared by other 
samples. For β-diversity, unique species are counted (in the formal measure of β-diversity, 
number of unique species are divided by the overall diversity). Two measures have their 
own usages: α-diversity is often used to show the biodiversity of the individual sample, and 
often interpreted as ecological healthiness. On the other hand, β-diversity is used to identify 
specific taxa which is associated with the individuals (e.g., disease association).

- Understanding of microbiome relies on analytic technologies: Estimating the presence 
and abundance of total microbial species is a big deal. Instead of identifying one-by-one 
by culture or laboratory tests, microbiome studies rely on “high-throughput” methods of 
analyzing DNA sequences at once. The analysis largely consists of (1) laboratory works of 
generating DNA sequence information (all microbes mixed up), (2) bioinformatics works 
(=computational work) to discriminate, identify, and quantify taxa. Theoretically microbiome 
analysis can capture “all microbes” in the sample, but in reality, this complexity often leads to 
a certain degree of uncertainty.

samples A B C D 
-diversity count 7 7 7 3 �

�-diversity contributors 1 1 1 3 

(A) (B) (C) (D)  

FIG. 36 1 A graphical explanation of diversity measurements: α- and β-diversity. In the 
imaginary samples A–D, the figure shows how α-diversity and β-diversity are measured. 
(see the text for more explanations)
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(=within sample diversity), whereas β-diversity is an index estimating how different is 
the microbial composition in one sample compared to another. (=between-host diver-
sity). If the α-diversity of the sample is higher, it is generally regarded as a healthier 
ecosystem than lower diversity. Sometimes not only the number of species (species 
richness) but the abundance of species is considered (species evenness) in estimating 
the α-diversity. Formal β-diversity metrics measure the degree of variation between 
samples. Metrics of β-diversity also consist of two types, whether 1) only the number 
of species are counted (qualitative β-diversity, e.g., “Jaccard” or “unweighted Uni-
Frac”) or 2) abundance of species are also considered (quantitative β-diversity e.g., 
“Bray-Curtis” or “weighted UniFrac”).27

Fig. 36.2 shows the overall process of microbiome analysis.28–30

36.4 Microbiome associations with human diseases and 
the application of the knowledge to the treatment
Our understanding of the microbiome is increasing rapidly thanks to the research 
efforts such as the HMP.31,32 Recently the “integrative Human Microbiome Project 
(iHMP),” a new round of HMP was launched to aim for a deeper understanding of 
microbiomes’ role in the pathogenesis of human health and diseases in 2014. The 
primary difference between the HMP and iHMP is the addition of multiomics data 
in the iHMP. In addition to existing 16S rRNA gene data and WMS, the iHMP has 
focused on analyzing meta-transcriptomics (whole microbial RNA sequence analysis), 
meta-proteomics (whole microbial protein analysis), and meta–metabolomics (whole 
microbial metabolites analysis) data of the microbiomes. The introduction of these 
“multiomics” data enabled researchers to understand how the microbiome interacts 
with human health and diseases in greater detail. Moreover, the mechanistic insight 
into the pathogenesis reveals potential targets of intervention.

- Taxa and function: Microbial analyses start with taxonomy (=a study of identifying and 
classifying species). Functions of the species are often guessed from the taxa rather than 
direct assays. Of course, recent microbial studies are evolving to more advanced analyses 
where functional genes are simultaneously identified by full-range sequencing (a.k.a whole 
metagenomics sequencing) or by adding RNA (gene expression) analysis.

- Microbiome and human health: How microbiome affects human health and diseases is the 
key question in the microbiome studies. Recently, microbiome studies are trying to apply 
the knowledge into therapeutic measures to modify the course of diseases too. For example, 
it was discovered that long-term use of antibiotics depletes microbial community in the gut 
(low diversity), resulting in a favorable environment for pathogen Clostrigium difficile and 
C. difficile colitis a.k.a pseudomembranous enterocolitis (PE). From this knowledge “fecal 
transplantation”a very effectively cured often fatal PE. See the last part for more detail.

a Fecal transmission is a clinical practice to inoculates stools to the CDC patients (or extracts of stools) which had been 
taken from healthy individuals.
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DiversityRelative abundance
& Phylogeny

Collecting
Microbiome

samples

DNA extraction & Library Prep.

A. 16S rRNA gene (variable 
regions, bacteria & archaea)

C Microbiome Analysis

Gene Function
Analysis

B. Whole-metagenome 
Sequencing

Group similar reads
OTU or ASV

Matching taxa using
Microbiome database

BLAST

de novo assembly/alignment

Predicting genes Directly identifying genes

FIG. 36.2 A diagrammatic explanation about the process of microbiome analysis: after ac-
quiring microbial biospecimens and DNA extraction, DNA sequences are analyzed either by 
targeting variable regions of 16S rRNA genes or by sequencing the whole genome (=whole 
metagenome analysis). (A) Because the 16S rRNA genes are specific to bacteria and ar-
chaea and nine variable regions bear information to differentiate taxa, 16S rRNA gene-based 
analysis provides a quicker and economical way of estimating taxa. Taxa are assessed based 
on limited genetic information, and it is called the “operational taxa unit (OTU).” Recently, 
amplicon sequence variant (ASV) clustering is simultaneously used with the OTU. (B) A 
whole metagenome sequencing (WMS) analyzes all genes of microbiota, including viruses 
and fungi. The process and informatics works are more challenging because the WMS data 
are much larger with more noises than the 16S rRNA gene analysis. (C) The relative abun-
dance, particularly between the host groups of interest (e.g., between the obese and normal 
weight), provides a microbial association with diseases. Alpha- and beta-diversities are other 
vital indexes of the host-microbiome ecosystem. Functional analysis based on bacterial 
genes is frequently the aim of the whole analysis, revealing the mechanisms of host-micro-
biome interaction and potential targets of intervention. WMS analysis is costly but provides 
more reliable taxa and functional information. Note that quality controls are not mentioned.
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Numerous microbiome studies have reported discoveries of the microbiome’s 
roles and its importance in maintaining human health. One of the first examples is 
the microbiome and “pseudomembranous enterocolitis” caused by  Clostridium dif-
ficile. Pseudomembranous enterocolitis is a severe and fatal infectious disease, which 
occurs in patients who take long-term antibiotic treatment. In the past, the application 
of higher doses and new types of antibiotics was the only possible treatment. However, 
an understanding of the etiology, that is, depletion of healthy microbes by using ex-
tensive long-term antibiotics, has led to an entirely new treatment method—the fecal 
microbiome therapy (FMT), previously a.k.a fecal transplantation. In 1989, Tvede 
et al. in Denmark successfully treated six C. difficile infection cases by FMT. In the 
same year, the first successful FMT treatment for Crohn’s disease was also reported.33 
The list of “good” and “bad” bugs, as well as microbiome-related health conditions, 
are ever-increasing. To name a few examples: skin microbes are responsible for the 
development and severity of acne;34 gut microbes modulate the gut serotonin secre-
tion,35 thus it may influence psychological symptoms mediated by neurotransmit-
ter metabolism such as anxiety or depression;36–38 gut microbes may modify the 
susceptibility of both type I and type II diabetes.36,39–41 Armed with new evidence 
of the microbial roles in the pathogenesis of human health conditions, a novel class 
of therapeutic measures based on microbiome is also emerging. From the perspec-
tive of the microbiome, these intervention measures can be classified into pro-, pre-, 
and post-biotics. Definitions and examples of these are summarized in Table 36.2. 
Recently in the United States and EU, a new regulation called live biotherapeutic 
products (LBP) was introduced to regulate new therapeutic modalities involving live 
microorganisms.42

36.5 Twin research for microbiome studies
Twin research is generally a powerful study design in both identifying the degree 
of genetic contribution, as well as in identifying pure nongenetic contribution. It is 
particularly so in the area of microbiome studies (1) microbiome may have weaker 
effects on human diseases compared with lifestyle factors or genes;43 (2) microbiome 
profiles are strongly influenced by many factors, particularly diet patterns or physical 
activities;44–46 (3) microbiome profiles are known to have a weak direct association 
with genetics, but numerous genetic variations are strongly associated with lifestyle 
habits which again affects microbial profiles;47,48 (4) age differences in the microbial 
profiles are well known;49,50 (5) maternal microbiome is reported to be transferred to 
the newborns, of which influence is maintained until early adulthood.49

The degree to which microbiome profiles are influenced by genetic and environ-
mental factors is an initial research question in the microbiome area. Here, twin stud-
ies are contributing to our understanding of what kind of microbial profiles, including 
viruses, might be heritable.51 Interestingly, few microbes such as genus Turucibacter, 
Intestinibacter, or Collinsella show replicated evidence, at genus level, that their 
relative abundance is heritable across studies.52 A genome-wide study about the beta 
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TABLE 36.2 Types of intervention measures to control human microbiome 
and examples of applications to health conditions.

Classification Probiotics Prebiotics Postbiotics 
(metabiotics)

Others

Definition Live microorgan-
isms that when 
administered in 
adequate amounts 
confer a health 
benefit on the host

Compounds 
in food or 
supplements 
that induce the 
growth or activ-
ity of beneficial 
microbes

Substances 
released by 
microbes or by 
the lysis of mi-
crobes, which 
have bioactive 
function for the 
host

Direct or 
indirect control 
of microbes 
through other 
mechanisms

Examples - Traditional food 
(kimchi, soy 
bean paste)

- supplements: 
Lactobacillus 
(L) or Bifidoba-
cillus (B)

- FMT (fecal 
microbiota 
transplantation)

- Ova of Trichuris 
suis (swine 
whipworm)

- Food com-
ponents: 
fibers, oligo-
saccharides 
(fructans and 
galactans)

- Various 
supplements 
intended 
to nourish 
beneficial 
microbes

- Various ac-
tive metabo-
lites (many 
are undis-
closed for 
its chemical 
composition)

- Supernatant 
of microbes

- Lysis 
products of 
microbes

-  Bacteriophage 
(phages are 
specific to 
bacteria, still 
conceptual)

Target 
conditions

- (L) or (B): vari-
ous diseases, 
including 
irritable bowel 
syndrome, 
vaginitis, acne, 
autoimmune 
disease or 
general health 
promotion

- FMT: PE, IBD

not specific - Cardiovascu-
lar diseases: 
bacterial 
TMA inhibitor

- Microbial 
metabolites 
for IBD

- Bacteriocins 
(avidocin) for 
E coli-related 
urinary track 
infection

Atypical 
Mycobacte-
rial infection of 
cystic fibrosis 
patients

FMT, fecal microbiome transplantation; PE, pseudomembranous enterocolitis; IBD, inflammatory bowel disease.

diversity or relative abundance of microbes also failed to show reliable evidence that 
particular human genetic variants are linked to microbes, except for the Bifidobac-
terium and lactase gene variants.48 The interpretation of twin studies indicates that 
the genetic control over microbiome profile may be weak. However, the “lack of 
strong heritability for microbiome profile” might not be conclusive because the cur-
rent genome-microbiome studies have been limited in size, mainly due to the cost. A 
recent report from a large consortium reported more suggestive evidence of genetic 
controls over the microbial profile, in addition to the human lactase-Bifidobacterium 
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Link such as chromosome 3 short arm 25.1 region and genus Gastranaerophilales; 
chromosome 3 short arm 24.3 region and genus Peptococcus; and chromosome 4 
short arm 15.33 region and genus Intestinibacter.52

Notably, differences, rather than the resemblance, within MZ pairs are often of 
utmost interest when nongenetic factors are studied. This study design is called a 
“cotwin-control study,” stemming from the term of case-control study,b that is, a 
cotwin-control study replaces the control with the cotwin of the case. This study 
design is only plausible when the cases are twins and discordant (i.e., one cotwin 
has the disease, and the other cotwin is healthy). Studies comparing siblingsc have 
been conducted more frequently due to their relative abundance and accessibility 
compared to twins. The cotwin-control study of MZs, albeit scarce, has a unique 
power in contrasting nonoverlapping environments. The cotwin-control study can 
be planned and conducted at several levels: (1) when the risk factors are different 
(analogous to a cohort study design in the epidemiologic study), exposed twin versus 
nonexposed cotwin. (2) when the health outcome of interest is different (analogous 
to a case-control study design), patients are compared with their cotwins. (3) when a 
differential intervention is tested to compare the therapeutic effects. Fig. 36.3. Illus-
trates the strength of cotwin-control study design compared with conventional study 
designs such as case-control studies or cohort studies.

The cotwin-control study is particularly compelling for the studies of “omics” 
studies, including the microbiome, which typically has thousands of measures with 
strong genetic influences. For example, epigenomic profiles of DNA-methylation are 
under strong genetic influence, so that more than 30,000 CpG sites are regulated by 
genetic variants.53 For example, when a researcher is interested in detecting epigen-
etic changes due to smoking habits, small differences in the average genetic consti-
tution between two groups would result in unwanted differences in the epigenetics 
level.

The above-mentioned cotwin-control study designs have been adopted for the 
microbiome research area. The first study widely accepted as the human evidence 
of microbial contribution involved twins and adopted the cotwin-control design: 
suggesting that microbial profile may be associated with human obesity.54 These 
findings about “obesogenic germ” was further proved by transplanting the stools of 
lean and obese cotwins into mice respectively and proved that transplanted mouse 
got leaner or fatter.55 Somewhat mystifiedd but still well-replicated findings about 
“good (Bacteriodetes) and bad (Firmicutes) bugs” for weight control are originated 
from this cotwin-control study. It is not surprising that reliable evidence about the 

d The Bacteriodetes (“good bugs”) or Firmicutes (“bad bugs”) were measured at phylum level, which 
should include striking diversity within them at species or even at family level (note that its analogy 
can be “all vertebrate animals are good to human while all invertebrate animals are harmful”). The 
so-called B/Fratio (the ratio of Bacteriodetes to Firmicutes) has not been substantiated as a measure of 
obesity or predicting obesity.

b A typical case-control study recruit patients (=cases) and normal references (= controls) to 
understand the etiology of the disease by a comparison between the two.
c “Sibling” means a genetic relationship regardless of their sex, including sisters and brothers.
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role of the microbiome and human-microbe ecosystem has been studied applying 
the cotwin-control design, expanding its use to more vaguely understood area of 
virus.56,57 Findings from microbiome twin research provided true so that the initial 
observations were further verified by functional and mechanistic studies how mi-
crobiota induces ulcerative colitis.58 For more complex interactions between host 
genetics microbiome and metabolic traits, cotwin-control design was also applied 
to prove that Prevotella species modifies the nonalcoholic fatty liver diseases for the 
obese.59,60 In addition, classical twin study design estimating heritability provided 
valuable information of the host genetic influences on the microbiome profile.48 
Box 36.2 summarized the key discoveries of the microbiome are according to the 
type of twin study designs.

Matching
with age 
or sex

Genetics
Diet
Early life environments

(A)

(B)

Conventional case-control or cohort studies 

Case Control

Matching by design
-age
-sex

Unmeasurable
Differences are reduced

Cotwin-control study design 

cotwin1 cotwin2 
(Case) (Control)

Unmeasured 
differences

Unmeasured 
differences

FIG. 36.3 Illustrated example of explaining conventional study designs (case-control or cohort) 
versus cotwin-control study design. Note that even after matching with “measurable” variables 
such as age, sex, and other important factors, there may still exist numerous unmeasurable 
factors which have associations with the disease of interest in the conventional approach. The 
cotwin-control study, by design, cancels off the majority of even unmeasured differences.
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36.6 Summary and conclusion
A growing body of evidence indicates that the microbiome and its interaction with 
humans are essential in maintaining health. Thanks to the recent development of 
genetic analysis and bioinformatics, our understanding of this essential ecosystem 
is advancing. Twin research and its study design have played an essential role in 
estimating the genetic influences (e.g., heritability or genome-wide association 
studies) and high-quality evidence of microbes associated with the susceptibility 
of diseases. The knowledge from the microbiome research is now used for the 
development of new therapeutic measures, which may provide a new hope to conquer 
intractable diseases.
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ecosystem (cotwin-control study design).

Abbreviation: MZT, monozygotic twins; DZT, dizygotic twins; NAFLD, nonalcoholic fatty liver disease.
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CHAPTER

Chromosomal 
anomalies, monogenetic 
diseases, and leukaemia 
in twins

37
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37.1 Genetic background
Chromosomal abnormalities (CA) are microscopically visible DNA changes affecting 
either the number and/or the structure of chromosomes. Human somatic cells are 
diploid, which means that they each carry 23 pairs of chromosomes: 22 pairs of 
autosomes and 1 pair of sex chromosomes (XX in females and XY in males). We 
inherit one set of 23 chromosomes from our mother and the other set from our father. 
This numerically and structurally characteristic diploid set of chromosomes constitutes 
an individual’s karyotype (Fig. 37.1). We carry two copies of every autosomal gene 
on each pair of the chromosomes (the copy inherited from our mother is called the 
“maternal allele” of the gene, whereas the one from our father is the “paternal allele”; 
Fig. 37.2).

Chromosomal disorders comprise two main groups: numerical (i.e., the presence 
of an abnormal number of chromosomes in cells) and structural aberrations (translo-
cations, deletions, duplications, inversions, and complex rearrangements). Amongst 
the numerical abnormalities, a group termed as “aneuploidies” are relevant to this 
chapter: aneuploidies are defined as the gain or loss of one or more chromosomes. 
These CAs arise from faults in cell division (chromosomal nondisjunction: when 
the homologous chromosomes or sister chromatids fail to separate during cell divi-
sion; Fig. 37.2); meanwhile, structural CAs are generated by the misrepair of DNA 
double-strand breaks.

Various pathogenetic mechanisms can lead to disease, as CAs can affect one or 
more genes in a complex manner:

a. Gene dosage effects: aneuploidies, deletions, and duplications alter the dosage 
of the genes localized within the CA.

b. The breakpoint of the CA may directly disrupt a gene or various regulatory 
elements.

https://doi.org/10.1016/B978-0-12-821514-2.00008-8
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c. Positional effects: rearrangements can relocalize/truncate/fuse entire genes, or 
disrupt the normal genomic architecture; which can significantly change the 
regulation of gene expression and/or gene-gene interactions.

d. Epigenetic mechanisms, for example, genomic imprinting. (See Chapter 34).

CAs are discovered in approximately 15% of patients with multiple congeni-
tal abnormalities and/or intellectual disability; and in up to 30%–50% of fetal loss 
and still births. CAs do not occur more frequently in twins compared to singletons 
(overall prevalence in twins: 0.16%–0.63%).1–4 Individual CAs are too infrequent for 
reliable statistical calculations; with the possible exception of Down syndrome (DS; 
estimated prevalence: 0.1%–0.2%).1–7 Data regarding the risk of DS specifically are 
somewhat contradictory: multiple studies have reported that MZ pregnancies have a 
lower risk for DS per twin7,8; however, a third study observed only a tendency for a 
lower risk, but no statistically significant difference compared to singletons.4

Monogenic disorders result from genetic modifications of a single gene and are 
classified according to their inheritance pattern:

a. Autosomal dominant: a genetic change in one allele of the gene is sufficient for 
the manifestation of the disease.

b. Autosomal recessive: both alleles of the gene must be altered; individuals with 
one pathologic allele are referred to as “disease carriers.”

c. X-linked disorders: caused by mutations in genes found on the X chromosome, 
inheritance can be either dominant or recessive. We will discuss this in more 
detail later.

The global prevalence of monogenic disorders is approximately 1%, and some 
have been reported more frequently in twins.9

Genetic mosaicism and chimerism: we must define and differentiate between 
two further genetic phenomena relevant to the topic of twin discordance. Mosaicism 
occurs when one individual carries two or more genetically distinct cell lines that 
originated from a single zygote. Mosaicism is reported as the percentage of the dif-
ferent cell lines, and the levels may differ between tissues. Chimerism occurs when 

FIG. 37.1 Normal male and female Giemsa-banded karyotypes.



66737.1 Genetic background

one individual carries multiple genetically distinct cell lines that originated from 
multiple zygotes.

Genetic testing methods utilized in clinical practice include traditional Giemsa 
(G-) banding and fluorescent in situ hybridization (FISH). During G-banding divid-
ing cells (routinely peripheral blood lymphocytes) are stained with a special dye 
that results in banded chromosomes, each recognizable by its size and band pattern 
(Fig 37.1). The entire karyotype of a cell is visualized in a microscope, and allows 

FIG. 37.2 Schematic figure of a pair of homologous chromosomes during cell division, 
normal chromosomal disjunction, and chromosomal nondisjunction.
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for the identification of aneuploidies and larger structural abnormalities (resolution: 
5–10 million base pairs). The FISH technique uses fluorescent DNA probes that bind 
to specific regions of chromosomes. This allows better sensitivity and resolution 
(depending on the length of the specific probes, but at least an order of a magnitude 
higher than G-banding), and is very useful in cases of mosaicism; however, it is not 
a genome-wide method (in practice this means that FISH is indicated only if the 
patient’s clinical presentation is highly suggestive of a specific disorder). Chromo-
somal microarrays (CMA) represent the first-line modern technique recommended in 
cases suspicious for a CA, but without a recognizable “syndromic” phenotype. These 
methods investigate the entire genome in a potentially very high resolution, and can 
identify copy number changes as small as 1000 base pairs, but are unable to detect 
balanced structural anomalies (where there is no change in DNA copy number), and 
their usefulness in mosaicism is limited. Nucleotide level changes, gene mutations 
are identified by sequencing methods, which can be targeted (one specific gene or a 
gene panel in genetically related disorders) or genome-wide (whole genome/exome 
sequencing).

37.2 Mechanisms of twin discordance
As mentioned above, the study of discordant MZ twins has been and continues to 
be, extremely valuable in genetic research. Twins can be discordant phenotypically, 
in which case they each have the genetic disorder in question; however, they present 
with different types/severity of symptoms. There is an abundance of reports of 
genetically discordant twins as well.10 We will discuss the underlying mechanisms 
through examples of relatively common genetic conditions; relevant genotypic and 
phenotypic information of the mentioned disorders are listed in Table 37.1.

37.3 Postzygotic chromosomal nondisjunction and 
chromosomal mosaicism
a. Early postzygotic nondisjunction can lead to heterokaryotic monozygosity, 

which means that the developing twins will have different karyotypes.10,11 This 
mechanism has often been described in regards to twins discordant for common 
aneuploidies: Down syndrome (Fig. 37.3) and Turner syndrome (TS; Fig. 37.4).

 An early report from 1982 was of twin boys, one of whom had typical 
DS, whereas his monochorionic (MC) twin brother was phenotypically 
unaffected. Both children showed 47,XY,+21/46,XY mosaicism in peripheral 
blood, however, the skin fibroblasts of the DS boy were 100% trisomic for 
chromosome 21, while the unaffected brother’s fibroblasts were 100% normal. 
A similar genetic background was described in a pair of twin girls discordant 
for TS: analysis of blood lymphocytes showed similar levels of 45,X/46,XX 
mosaicism in both children, however the affected girl had 99% 45,X cells 
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FIG. 37.3 Down syndrome Giemsa-banded karyotype.

FIG. 37.4 Turner syndrome Giemsa-banded karyotype (left), and fluorescent in situ hyridiza-
tion (FISH) pattern of monosomy X mosaicism (right). 

On the right image, the X chromosome centromeres are fluorescently marked with specific 
probes. The cells with two red signals are the normal 46,XX cells, and the cells with one 
red signal are the monosomic (TS) cells.
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in buccal smear, in contrast to the unaffected twin with 98% normal 46,XX 
cells. These cases are attributed to chromosomal nondisjunction leading to 
two separate cell lines, which then developed into genetically discordant 
twins. The blood “mosaicism” seen in the healthy twins is due to intrauterine 
mixing of blood via placental vascular anastomoses, and actually represent 
cases of chimerism.12,13 Several similar cases have been described in the 
literature.10,14–17

Here we must highlight an important aspect of MC twin pregnancies compli-
cated by prenatally detected discordance: aneuploidies confer an elevated risk of 
fetal loss, and the demise of one twin can, in turn, lead to the death of the unaf-
fected twin due to acute transplacental exsanguination, which requires height-
ened care in pregnancy management.17,18 The best method for reliable prenatal 
detection of CAs is dual amniocentesis.11

b. Chromosomal mosaicism can cause phenotypic discordance: in these cases, 
both twins carry the same genetic alteration, albeit with different levels of 
mosaicism; the dissimilar percentage of abnormal cells then leads to dissimilar 
disease presentation. Such has been reported for TS (the twin girls showed 
varying levels of 45,X/46,XX mosaicism in lymphocytes and fibroblasts, but 
the sister with lower rates of X monosomy had a milder phenotype than her 
typical TS twin19).

c. MZ twins discordant for phenotypic sex are a rare but fascinating occurrence. 
This phenomenon is usually explained by a single zygote undergoing early 
postzygotic nondisjunction that results in an embryo with two distinct cell 
lines. The twinning process could then lead to two genetically distinct MZ 
embryos (i.e., heterokaryotic twins); or alternatively, each embryo can carry 
both cell lines with disparate tissue distribution (i.e., levels of mosaicism). 
Different distribution in the gonads can subsequently lead to opposite 
gonadal differentiation despite monozygosity, or to various disorders of 
sexual development in one or both twins.20 Amongst these cases the most 
frequent situation involves 45,X/46,XY mosaicism, which often results in a 
healthy male and a TS female twin.21 46,XX/46,XY mosaicism can lead to 
the birth of a normal female and a normal male.22 Several other chromosomal 
constitutions are feasible,23 and have been reported (e.g., 47,XXY/46,XX20; 
45,X/47,XYY).24

37.4 Different levels of triplet repeat expansion
Trinucleotide (or triplet) repeat disorders are a group of genetic disorders caused 
by a so-called triplet repeat mutation, wherein sets of three nucleotides expand in 
copy number. After reaching a certain threshold, the expansion becomes unstable 
and leads to disease presentation. An example of a triplet repeat disorder is Fragile X 
syndrome, caused by the expansion of CGG repeats in the FMR1 gene [normal copy 
number of the triplet is between 5 and 40, Fragile X syndrome manifests over 200 
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copies, and the intermediate 50–200 copies represent a premutation (predisposing 
to premature ovarian failure)]. Analogous to chromosomal mosaicism, Fragile X 
syndrome discordance between MZ twins may arise due discordant triplet repeat 
expansion length.25

37.5 Postzygotic point mutations
Twins genetically discordant for pathogenic point mutations are extremely rare but 
are tremendously valuable in understanding disease etiology. Generally speaking, 
the search for disease-causing mutations is complicated by the presence of thousands 
of normal variations (SNVs) in the DNA sequence of each individual. As MZ twins 
are assumed to carry identical SNVs, any potential difference in sequence between 
the affected and unaffected twin may be incriminated in the discordant syndrome/
phenotype. The study of a MZ twin pair has thus led to the identification of the 
disease-causing gene for van der Woude syndrome, the most common syndromic 
orofacial clefting syndrome.10,26

On the other hand, phenotypic discordance between twins carrying the same 
point mutation causing a monogenic disorder is relatively common,10,23,27 which 
may be attributed to various environmental, epigenetic or genetic (e.g., undiscovered 
difference in mosaicism) factors.

37.6 Skewed X-inactivation
X-inactivation is an epigenetic process by which one of the X chromosomes is silenced 
in 46,XX cells to ensure dosage compensation between males and females. Normally 
the process is random, which means that there is no parent-of-origin preference; and 
healthy women have an approximately equal amount of active maternally inherited 
and paternally inherited X chromosomes. Skewed X-inactivation, therefore, means 
that the silencing process was nonrandom, and this mechanism underlies the 
manifestation of certain X-linked disorders in females. For example, Duchenne 
muscular dystrophy (DMD) is caused by mutations in the dystrophin gene and is 
inherited in an X-linked recessive manner. This means that females should only be 
carriers of the mutation because they have two X chromosomes; and under normal 
circumstances ~50% of their active X’s are healthy, which provides sufficient 
compensation. However, nonrandom X-inactivation can lead to the healthy copy 
being silenced in a majority of cells, resulting in the manifestation of DMD.

In the context of twins, there have been many reports of twin girls discordant for 
DMD, or other X-linked recessive disorders, due to a difference in the randomization 
of X-inactivation. Cases can show either random inactivation for the normal twin 
and nonrandom for the affected twin; or mirror inactivation, when the mutated copy 
is preferentially active in the affected sibling and the normal copy is preferentially 
active in the healthy twin.10,23,28
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37.7 Other epigenetic mechanisms
Beckwith–Wiedemann syndrome (BWS) is a genetic imprinting disorder, which 
has an increased prevalence among (mostly female) MZ twins, who are usually 
discordant for the disorder. BWS may result from multiple genetic/epigenetic 
changes, for example, uniparental disomy (this occurs when an individual inherits 
both copies of a chromosome/a part of a chromosome from the same parent and 
no copy from the other parent) of the disease-causing region on chromosome 11p, 
which can occur in only one twin; or abnormal methylation of key genes within the 
region, which can likewise differ between MZ twins.29 Dissimilarity of epigenetic 
phenomena has also been implicated in phenotypically discordant twins for many 
chromosomal and monogenic disorders. MZ twins with 22q11.2 deletion syndrome 
(which includes DiGeorge syndrome and genetically related syndromes) for instance 
are frequently reported to have discordant congenital heart defects.30

37.8 Copy number variations (CNVs)
CNVs are submicroscopic deletions and duplications of chromosome segments, 
typically between one thousand to five million base pairs in size. In relation to the 
aforementioned 22q11.2 deletion syndrome, a pair of MZ twins with discordant 
phenotypes has been reported with different-sized deletions.31 CNVs play an 
important role in human disease, susceptibility to disease, and phenotypic variability 
within a specific disorder; however, as CNVs also represent an extensive portion 
of normal human variation, their interpretation in individual patients is often 
confounding. Whether or not differential CNV patterns in MZ twins contribute to 
discordance is not yet fully understood, but the study of such twin pairs has led to 
the identification of possibly pathogenic CNVs for various congenital malformations 
and neurodevelopmental disorders.32

37.9 The value of twin studies in leukaemia research
Leukaemia is a malignant progressive disease in which the bone marrow and other 
blood-forming tissues produce an increased number of immature or abnormal white 
blood cells called blasts or leukaemia cells (human mature blood cells originate from 
haematopoietic stem cells in a process referred to as haematopoiesis, meanwhile 
the aberrant process is called leukaemogenesis). The abnormal cells suppress the 
production of normal blood cells, leading to infections caused by neutropenia, 
bleeding due to thrombocytopenia, and fatigue from anaemia. The different types 
of leukaemia are classified according to the course of the disease (acute or chronic) 
and the predominant type of affected white blood cell (lymphoid or myeloid). 
Acute lymphocytic leukaemia (ALL) is the most common type in childhood, acute 
and chronic myelogenous leukaemias (CML, AML) are more common in adults, 
meanwhile chronic lymphocytic leukaemia occurs primarily in elderly people. Half 
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of all leukaemia cases occur in children and teenagers; the cumulative risk of the 
most common ALL is ~1 in 2000 up to the age of 15 years.33,34

The causal factors of leukaemia are acquired genetic alterations, especially CAs 
[translocations, deletions, inversions, duplications, amplifications, changes of the 
normal diploid 46 chromosome number (less than 46 chromosomes—hypodiploidy, 
more than 46 chromosomes–hyperdiploidy, near haploidy with ~30 chromosomes)], 
which occur in hematopoietic stem cells or in their committed progenitors. The 
breakpoints of CAs usually alter key regulatory genes (transcriptional factors, tyro-
sine kinases) that are necessary for normal haematopoietic cell self-renewal, prolif-
eration, differentiation (an abbreviation list of all mentioned genes can be found at 
the end of the chapter). The genetic changes may therefore alter the normal cellular 
function of these key genes, leading to the initiation of leukaemogenesis. Balanced 
CAs often result in gene fusions, which are a hallmark of the disease. These gene 
fusions facilitate leukaemogenesis by two main mechanisms:

a. Overexpression of a hematopoietic proto-oncogene: in this scenario one of 
the genes involved in the fusion is a constitutively (in other words always, 
continuously) expressed gene, which comes in proximity with the other, 
not continuously expressed proto-oncogene, leading to the latter’s abnormal 
upregulation. This upregulation is due to the influence of the constitutive gene’s 
regulatory elements. The proto-oncogene turns into an oncogene, which is 
essentially a malfunctioning gene that alters normal cellular processes, leading 
to abnormal cell growth, and consequently cancer (in this case, leukaemia). A 
well-known example of this is seen in T-cell ALL where regulatory elements of 
T-cell receptor (TCR) genes deregulate the expression of various partner genes.

b. The creation of a hybrid gene that consequently results in an abnormal fusion 
protein. Leukaemia-associated fusion proteins share several structural and 
functional similarities, suggesting that they impart a leukaemic phenotype by 
way of transcriptional dysregulation. A classic example of a fusion protein is 
the BCR-ABL1 hybrid protein generated by the t(9;22)(q34;q11) translocation 
in CML, ALL, and AML. The fusion protein is encoded by sequences from 
both BCR and ABL and has an increased tyrosine kinase activity contributing 
to the immortality of leukaemic cells.

Recurrent CAs are used to define distinct disease entities and are included in the 
World Health Organization classification of haematological malignancies. They are 
independent prognostic indicators, play a crucial role in risk stratification, and facili-
tate clinical decision making (e.g., selecting the appropriate type and intensity of treat-
ment), which increases survival rates and reduces long-term side effects. Recent pro-
filing of subtle copy number alterations and mutational analyses have allowed further 
refinement of cytogenetic risk stratification groups by including submicroscopic alter-
ations that coexist and cooperate with CAs and have been recognized to have prognos-
tic and therapeutic relevance. Patients with the most common B-cell precursor ALL 
(BCP-ALL) are thus classified into three risk groups with distinct event-free survival 
(EFS) rates according to their CAs: (1) low risk (EFS 81~91%, representing more than 
half of the cases;) intermediate (EFS ~73%) and (3) high risk (EFS ~54%)35,36 (these 
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entities will be discussed in further detail later). In childhood, the less frequent T-cell 
progenitor phenotype ALL (T-ALL) generally has worse outcomes than BCP-ALL.37

Leukaemia of twins is no different biologically, clinically, or in its age incidence 
from leukaemia in singletons. Although only 0.6% of childhood BCP-ALL occurs 
in twins, a relatively high number of associated studies are at the focus of scientific 
interest. Concordant twin leukaemia studies have provided a multistep leukaemo-
genesis model—similar to Knudson’s famous “two hit” retinoblastoma model—ap-
plicable generally to the origin, pathogenesis, latency, and prognosis of childhood 
leukaemia.38,39

Twins with concordant leukaemia were first described in 188240 followed by sev-
eral further reports of concordant MZ twin pairs in the 1900s, which raised the hy-
pothesis regarding the prenatal (or in utero) origin of childhood leukaemia.41,42 Sci-
entific evidence emerged later with the development of molecular genetic techniques 
and accumulation of knowledge related to twin embryogenesis. Sixty percent of MZ 
twin embryos split 3–7 days after fertilization and develop a single MC placenta re-
sulting in vascular anastomoses and blood cell chimerism. Asymmetry of the vascular 
anastomoses can lead to uneven distribution of blood, causing twin-twin transfusion 
syndrome and reciprocal anemia/polycythemia. Very rarely blood chimerism can also 
occur in DZ twins by fusing of the two placentae. Cytogenetic and molecular genetic 
studies of MZ twins demonstrated that the high level of leukaemia concordance might 
be attributable to in utero origin of the disease and subsequent spread to the cot-
win via shared placental circulation as an “intraplacental metastasis” (Fig. 37.5).38,43 

FIG. 37.5 Schematic representation of concordant leukaemia in identical twins.

The initiating lesions occur in utero in one twin, which then spread to the cotwin via intra-
placental anastomosis. Majority of children with this preleukaemic first hit mutation remain 
healthy. Approximately 1% develop overt leukaemia upon acquisition, usually postnatal, of 
secondary mutations contributing to clonal diversification. If a monozygotic, monochorionic 
twin has ALL, the probability of the cotwin also developing ALL is 10%–15%.
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The evidence supporting the prenatal origin of leukaemia comes from studies that 
demonstrated that twin pairs have the same recurrent translocation, with identical 
unique translocation breakpoints and immunoglobulin heavy chain (IgH) or TCR 
rearrangements.44–46 Additionally, retrospective scrutiny of archived neonatal blood 
spots (Guthrie cards) identified the presence of leukaemia specific translocations in 
1% of all neonates immediately after birth, and the translocation breakpoints were 
again identical in MZ twins. Leukaemia-associated CAs are detectable in cord blood 
from newborn infants at rates 100-fold higher than the incidence of ALL.47,48 These 
prenatal CAs were interpreted as critical initiating lesions, but represent “silent” 
preleukaemic mutations. The development and clinical manifestation of leukaemia 
require additional secondary (usually postnatal) mutational events targeting genes 
that are important for immune cells in general, B-cell lineage differentiation, and cell-
cycle control. These additional genetic alterations drive the expansion of the initial 
clone leading to divergent clonal evolution, which contributes to overt leukaemia. 
In some instances, the initial mutation itself has the potential to generate secondary 
mutations, but in the majority of cases, other factors (infectious and/or environmental 
exposure, constitutive CAs) trigger the acquisition of secondary alterations.38,49–52 
The “intraplacental metastasis” process is visualized on Fig. 37.5. Further examples 
of primary and secondary genetic alterations, arranged according to the aforemen-
tioned BCP-ALL cytogenetic risk groups, can be found in Fig. 37.6.

An important aspect of concordant twin leukaemia studies is that they pro-
vide the opportunity to measure the latency period, that is, the time from the ini-
tial preleukaemic event to clinically evident disease, reflecting the accumulation of 

FIG. 37.6 Genetic risk groups of childhood BCP-ALL. 

Majority of the recurrent chromosomal aberration are primary initiating lesions originated 
“in utero,” but require secondary postnatal mutations and possibly a dysregulated im-
mune system. The prenatal origin for several fusion genes (ETV6/RUNX1, BCR/ABL1, 
TCF3/PBX1, KMT2A/different partner genes), as well as hyperdiploidy, has been proven 
by concordant leukaemia twin studies in which both twins had identical molecular 
rearrangements. The secondary abnormalities can significantly affect the prognosis and 
could determine a highly variable postnatal latency. Abbreviation: chr: chromosome.
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harmful environmental/infectious effects triggering secondary genetic aberrations. 
The latency period can be the same in cotwins, but is different in the majority of 
cases; the published highest latency period was 14 years,43 meanwhile the greatest 
difference between twins was 9 years.38 ALL specific initial, in utero preleukaemic 
cytogenetic entities are associated with distinctive age-incidence distribution pat-
terns both in twins and singletons: ALL associated with KMT2A mutations occurs 
in infants, most frequently under 6 months of age; BCP-ALL is most common in 
2–5-year-old children, but is found in older children and in teenagers as well; child-
hood AML occurs predominantly from birth up to 3 years of age (Fig. 37.7). The 
concordance rate in twin pairs approaches 100% for infants, is 10%–15% in older 
children and less than 1% in adults.38,51,52

The high rate of concordance in infant leukaemia reflects that KMT2A rearrange-
ments (with a peak incidence at 6 months of age) have a very short latency period 
and could be sufficient alone to cause leukaemia. Besides the majority of neonatal 
and infant ALL, therapy-related AML (t-AML) is also frequently associated with 
chromosome 11q23 rearrangements involving KMT2A gene, which provides clues 

FIG. 37.7 Age distribution of childhood twin leukaemia.

The presented age distribution of infant leukaemia with KMT2A rearrangements, BCP-ALL 
and AML, based on published concordant twin leukaemia data (see references) correspond 
to the childhood leukaemia age specific incidence in the general population. The columns 
indicate the general age incidence for each subtype, and the shaded part of each column 
shows the peak age incidence.
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about disease etiology. Most reported t-AML cases occur in patients previously treat-
ed with DNA topoisomerase II (Topo II) inhibitors. Topo II is a ubiquitous ligase 
enzyme with roles in DNA replication and transcription. Topo II inhibitors block 
the ligase function of Topo II, resulting in double-strand breaks near the enzyme’s 
consensus DNA binding sites. KMT2A rearrangement breakpoints in both infant leu-
kaemia and t-AML are related to this consensus binding site, suggesting that prenatal 
exposure to natural and synthetic compounds that can inhibit Topo II (flavonoids 
present in a number of fruits and vegetables, compounds found in soybeans, tea, 
cocoa and wine, quinolone antibiotics, benzene metabolites, etc.) may play a role in 
disease etiology.53–56

The most frequent recurrent founder mutation in childhood ALL is the genomic 
fusion of transcription factors ETV6 and RUNX1 produced by the t(12; 21) trans-
location. Single cell, in utero origin of this leukaemia-initiating mutation was first 
demonstrated by Ford et al.44 in a pair of MZ twins diagnosed with concordant ALL. 
The ETV6-RUNX1 gene fusion arises at a much higher (100-500 fold) frequency 
than the corresponding leukaemia, indicating an obligatory requirement for addi-
tional mutations in disease development. Epidemiological data reveal that the associ-
ated ALL is very common in young children, but extremely rare after 15 years of age. 
These observations suggest that for the leukaemic transformation of ETV6-RUNX1 
positive cells there should be critical pre- and/or post-natal time windows and a spe-
cific progenitor target cell. Recent studies have demonstrated that a candidate tar-
get cell for childhood BCP-ALL is an early B-cell progenitor cell type restricted to 
fetal lymphopoiesis.46,57 In mouse models, fetal haemopoietic stem cells express-
ing ETV6-RUNX1 have a limited lifespan and do not contribute to the early B cell 
progenitor pool of adults. This can explain the low penetrance of preleukaemia in 
children and the declining incidence of ETV6-RUNX1 positive ALL with age due to 
natural loss of the fetal preleukaemic clone.39,58,59

MZ twin studies with concordant ALL were pivotal in proving that hyperdiploid 
BCP-ALL can also arise in utero from a single cell clone in early B lineage progeni-
tors. Compared to the other cytogenetic subtypes, hyperdiploid ALL is associated 
with relatively few secondary CAs, which are furthermore not consistently retained 
at relapse. Taken together, these observations indicate that the high hyperdiploid pat-
tern is the main driver event in this common pediatric malignancy.48,60

The twin study of Cazzaniga et al. has shed light on the critical role of IKZF1 
deletion, which is a frequent secondary genetic abnormality in BCR-ABL1 positive 
childhood ALL. IKZF1 gene encodes the B-cell transcription factor IKAROS, and 
its aberrations have a significant effect on the development of overt leukaemia, its 
clinical course, and response to therapy. The presented twin pair shared the same 
prenatally generated BCR-ABL1 fusion gene with identical breakpoints, but were 
discordant for the secondary IKZF1 deletion. Similar treatment led to different out-
comes: the twin with the deletion relapsed and could not achieve remission, while 
the cotwin without the deletion has been in asymptomatic remission for years. This 
demonstrates that IKZF1 loss greatly accelerates BCR-ABL1-driven leukaemia de-
velopment and is associated with an adverse prognosis.61
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Contrary to the example above, a pair of MZ MC twins with concordant DS 
were described with synchronous progression of acute megakaryoblastic leukaemia 
(AMKL). They developed AMKL simultaneously at the age of 11 months. The twins 
were found to have three, in utero originated identical CAs: (1) GATA1 rearrange-
ment, a known first hit mutation predisposing DS patients to AMKL; (2) a t(3;7)
(q27;q32) translocation with a breakpoint involving the tumor suppressor CUX1 
gene and (3) tetrasomy 21, an extra, nonconstitutional chromosome 21. Both twins 
were treated according to the standard DS myeloid leukaemia protocol and had a 
parallel treatment response with full remission.62 This twin study allowed for the 
identification of CUX1 as a new driver gene that could promote a GATA1-mutated 
clone into AMKL in DS patients. However, large cohort studies suggest that the pre-
natal origin of AML is less frequent compared to ALL cases.

Data regarding the prenatal origin of childhood T-ALL are less comprehensive. 
Convincing evidence was presented by Ford et al.45 in a study of MZ twins concor-
dant for T-cell leukaemia/lymphoma, with identical rearrangements of TCR genes, 
but with an extraordinarily long latency period (9 and 11 years respectively). A pre-
clinical phase of clonal expansion of more than 10 years has been described in one 
further patient with ataxia telangiectasia and T-ALL.63 In a 13 infant T-ALL cohort 
study, the in utero origin of leukaemia associated somatic mutations could be dem-
onstrated in three patients only.64 This and other follow-up pediatric T-ALL studies 
suggest that T-ALL associated CAs are most probably postnatal events and concor-
dant T-ALL leukaemias may be extremely rare in MZ twins.

On the basis of deep targeted sequencing on blood DNA from 52 MZ and 27 DZ 
twin pairs aged 70 to 99 years, concordance for clonal hematopoiesis is limited in 
elderly twins.65 Mutational landscape analysis revealed very similar results in age-
matched samples from MZ and DZ twin pairs. In addition, a disparity in clonal size 
and trajectory over time was observed even between MZ twins harboring the same 
driver gene mutations. Therefore, nongenetic factors and events may play major roles 
in the acquisition of somatic mutations and in possible malignant transformation in 
elderly twins and singletons.66 However, a number of germline variants predispose to 
hematological malignancies both in twins and in the general population.

Gene abbreviation list
ABL1 ABL Proto-Oncogene 1, Non-Receptor Tyrosine Kinase
BCR Activator Of RhoGEF And GTPase
BTG1 Anti-Proliferation Factor 1
CDKN2A Cyclin Dependent Kinase Inhibitor 2A
CDKN2B Cyclin Dependent Kinase Inhibitor 2B
CUX Cut Like Homeobox 1
ETV6 ETS Variant Transcription Factor 6
GATA1 GATA Binding Protein 1
IKZF1 IKAROS Family Zinc Finger 1
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KMT2A Lysine Methyltransferase 2A (formerly: MLL)
PAR1 pseudoautosomal regions, PAR1
PAX5 Paired Box 5
PBX1 PBX homeobox 1
RB1 RB Transcriptional Corepressor 1
RUNX1 RUNX Family Transcription Factor 1
TCF3 Transcription Factor 3
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In the introduction to this book, we noted that this is a very exciting time to be 
involved in the study of twins. It is also an exciting time to look to the future of twin 
research.

Important findings and breakthroughs are happening all the time. You have read 
about some of them in the different chapters of this book, but some stories are worth 
retelling—and when the history of twins is written again, even more chapters will 
be added.

Throughout the years, twin registries have grown to occupy a special niche in 
science, particularly because new technologies and analytical approaches have of-
ten enhanced the known advantages of twin designs. For example, epigenetic analy-
ses are informing us about factors affecting behavior and disease in identical twins 
who differ with regards to environmental exposures, life-style factors, and/or medi-
cal life histories. Comparing the microbiomes of MZ (identical) and DZ (fraternal) 
twins also promises to uncover new and important findings regarding the onset and 
progression of human disease. Moreover, twin registries are valuable resources for 
helping us find answers to significant public health challenges. This is illustrated, 
for example, by the number of twins studies that could rapidly investigate various 
aspects of the coronavirus (COVID-19) pandemic and were featured in the 19th In-
ternational Congress on Twin Studies that took place in Budapest in 2021.

Twin researchers have further enriched their data through the addition of new 
types of genetic, omics, imaging, and environmental measures. This has laid a strong 
foundation for new knowledge generation. We foresee that today’s twin-based re-
search programs will continue to grow and provide new opportunities in which twin 
research will contribute to breakthroughs across a wide field of scientific inquiry.

Twin registries are also growing in size, number and specificity, owing to in-
creased twinning rates. Although we have described factors that increase the chance 
of DZ twinning, research on th causes of MZ twinning is still underway with prom-
ising results. We still have a great deal to learn about many aspects of twins and 
twin-ning, so it is not surprising that new twin registries are emerging in the world, 
and more investigators are implementing twin research designs into their research 
programs. Physicians are also better able to detect and manage multiple birth preg-
nancies which are generally riskier than singleton pregnancies, for both mothers and 
infants. In our modern, changing world, psychologists are also continually adapting 
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and developing new suggestions for parenting twins. Areas of special interest con-
cern placing twins in the same or separate classrooms and identifying the best in-
terventions for improving twins’ average language difficulties. Communication be-
tween researchers and parents is also critical, representing a subject of renewed focus 
within the International Society of Twin Studies.

Beyond the scientific promise and progress of twin studies, meeting and observ-
ing twins up close and personally provides a unique and fascinating experience. Each 
twin pair reflects a distinctive story about human developmental processes. Think 
about the twins you know, and this will become clear.

In the future, twin studies will continue to play an important role, along with 
emerging genome and molecular research methods, in shedding light on answers to 
big questions. Findings from these studies will continue to elucidate the reasons why 
people differ in the ways they develop and age, identify factors affecting health and 
well-being, and explain how environmental and genetic factors combine to affect hu-
man behaviors, physical traits, and diseases.

Thank you for reading our book in which we shared current information with you 
on the current state of twin-based science. In closing, we hope that you have gained 
appreciation for the valuable contributions that twin research have made to our un-
derstanding of individual differences in health, disease, and development. If so, then 
our mission as editors has been accomplished. We thank the authors of the chapters, 
the experts who reviewed them, and the publisher Elsevier, who allowed us to share 
this information with you. Finally, we thank twins worldwide for their participation 
in research and for sharing their stories with us.
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