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General Introduction
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Influence of low birth weight and childhood growth on later health

Several epidemiological studies showed an association between fetal growth restraint and/
or subsequent catch-up growth, and the risk for cardiovascular events, type 2 diabetes, 
hypertension, adverse lipid profile, and disturbances in several other organ functions in later life 
(Figure 1).1-25 The exact mechanism underlying these associations are yet unknown, but several 
hypotheses have been postulated over time. 

Psychiatric disorders 

CVD 

DM2 

Gonadal func�on 

Cogni�on

    Lung func�on 

 MetS 
        Immunity 

Developmental Origins 

This Thesis 

Figure 1. Disorders and functions that might be affected by early life factors such as intrauterine growth 
restraint and early life catch-up growth. This thesis describes early life determinants of cardiovascular 
disease (CVD), type 2 diabetes (DM2), metabolic syndrome (MetS), and gonadal function.

1. Early life effects on cardiovascular disease and type 2 diabetes 

The occurrence of cardiovascular disease (CVD) is high, and CVDs are the leading causes of death 
and disability in the world.26-27 This emphasizes the need of investigating mechanisms involved in 
the development of CVD in order to seek prevention targets. The common soil hypothesis states 
that CVD and type 2 diabetes have common genetic and environmental antecedents, rather than 
atherosclerosis being a complication of diabetes.28 That would imply that prevention targets of 
CVD and type 2 diabetes are similar. Several studies have indicated that the development of CVD 
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might start in childhood or even in infancy.29 This points to the need for studying early life factors 
influencing development of CVD and type 2 diabetes risk, including blood pressure, intima media 
thickness, pulse wave velocity, inflammatory markers, lipid metabolism, body composition, and 
insulin sensitivity.

Fetal origin hypothesis 
In the early 1990s Barker et al. were the first to formulate a hypothesis based on the inverse 
association found between birth weight and several adult diseases. They suggested that 
events during pregnancy leading to fetal malnutrition could result in permanent endocrine and 
metabolic changes in the fetus, called re-programming (Figure 2).2,30 At first, the fetus would 
benefit from the adaptations, as it would remain alive during fetal life, but on the long-term, this 
re-programming would result in diseases in later adulthood.

Placental, Maternal, Fetal, Environmental factors

Low intrauterine nutrient supply

Re-Programming

Low birth weight

Development of adult disease

Figure 2. Representation of the fetal origin hypothesis. Adapted from Barker et al.2, 4, 30

Fetal insulin hypothesis 
This hypothesis was generated in 1999 and states that the inverse association between birth 
weight and adult insulin resistance is principally genetically mediated (Figure 3).31 Fetal genes 
involved in insulin resistance could result in low-insulin-mediated fetal growth and in insulin 
resistance leading to type 2 diabetes in later life.



12 | Chapter 1

Maternal glucose concentra�on (third trimester)

Glucose sensing by fetal pancreas

Insulin secre�on by fetal pancreas

Insulin mediated fetal growth

Birth weight 

+

Fetal gene�cs

Fetal insulin resistance

Insulin resistance in later life

_

Figure 3. Simplified representation of the fetal insulin hypothesis. Adapted from Hattersley et al.31

Growth acceleration hypothesis 
In 2004 Singhal and Lucas postulated the hypothesis that not low birth weight per se, but growth 
acceleration during childhood is responsible for the increased risk for adult diseases in later 
life.32 Children are genetically determined to grow to their growth potential. Thus, children born 
after fetal growth restriction, being below their genetic growth potential at birth, will experience 
postnatal catch-up growth. According to the hypothesis, this postnatal catch-up growth, which 
might be stimulated by nutrient-enriched diets, will lead to the development of diseases in later 
life (Figure 4).

Fetal growth restric�on

Postnatal growth accelera�on

Development of adult disease

Rela�ve to their growth poten�al

Nutrient-enriched diets
+

Figure 4. Representation of the growth acceleration hypothesis. Adapted from Singhal et al.32
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Fat accumulation hypothesis
In the PROGRAM-study, started in 2002, our research group showed that fat accumulation 
during childhood was related to reduced insulin sensitivity,33 an increase in serum levels of total 
cholesterol, triglycerides, low density lipoprotein cholesterol (LDLc), apolipoprotein B34 and 
acylation stimulation protein (ASP),35 and systolic and diastolic blood pressure in early adulthood, 
independent of size at birth. Therefore, Leunissen et al. specified the hypothesis of Singhal and 
Lucas, by postulating that increased fat accumulation during childhood, independent of birth 
size, results in an increased risk for development of CVD and type 2 diabetes (Figure 5).33,36

Fetal growth restric�on

Fat accumula�on during childhood

Development of adult disease

Rela�ve to their growth poten�al

Nutrient-enriched diets +

Postnatal growth accelera�on

Figure 5. Fat accumulation model. Adapted from Leunissen et al.33, 36

Preterm birth and risk for cardiovascular disease
Small size at birth can be caused by poor fetal growth and/or preterm birth. Nowadays, 5-13% of 
all newborns in developed countries are being born preterm.37 Because of advances in neonatal 
intensive care, survival of preterm infants has improved, with most children reaching adulthood. 
However, young adults born preterm might be at increased risk for developing CVD22,38 and 
have increased cardiovascular mortality.39 Preterm birth has been associated with increased 
carotid intima media tickness (a measure of preclinical atherosclerosis40),41 increased blood 
pressure,22,42-43 and increased arterial stiffness (quantified by Pulse Wave Velocity).44 However, 
controversies still exist, and the underlying cause of this increased risk for CVD in adults born 
preterm remains unknown. It might well lay in different early growth trajectories in infants born 
preterm.12,45-47 Like in term infants, alterations in growth during this highly dynamic developmental 
time window might have programming effects on later health outcomes. 
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2. Determinants of cardiovascular disease and type 2 diabetes 

In order to determine risk for cardiovascular disease and type 2 diabetes in early adulthood, 
many measurements and biomarkers were investigated in the studies described in this thesis. 

Blood pressure 
Increased blood pressure is an important determinant of CVD.48 Next to increased diastolic and 
systolic blood pressure, an increased pulse pressure (the difference between systolic blood 
pressure and diastolic blood pressure), and blood pressure variability in time have also been 
associated with CVD.49-51 

Intima Media Thickness and Pulse Wave Velocity 
Atherosclerosis is an important contributor to CVD. The presence of atherosclerotic changes in 
the carotid arteries can be determined by investigating the intima media thickness (IMT, Appendix 
A) in the vessel wall of the carotid arteries by non-invasive ultrasound measurements.40 A 
greater thickness is associated with the development of atherosclerotic plaques and is positively 
correlated with cardiovascular events.52-53 Because development of atherosclerosis already starts 
in childhood, determining carotid IMT in early adulthood might give more insight in the risk of 
cardiovascular events in later life. 
 Arterial stiffness is another important determinant of CVD, which can be quantified by 
assessing Pulse Wave Velocity (PWV, Appendix A).54-55 

Inflammatory markers 
The role of inflammation in preclinical as well as advanced stages of atherosclerosis has been 
widely acknowledged.56 There are many biomarkers of inflammation known to date. Some 
inflammatory biomarkers, related to preclinical stages of atherosclerosis, are: high sensitivity 
C-reactive protein (CRP), monocyte chemotactic protein-1 (MCP-1), interleukin-8 (IL-8), soluble 
vascular adhesion molecule 1 (sVCAM-1), and soluble intracellular adhesion molecule 1 (sICAM-1). 
CRP is an acute phase protein, which is an important predictor of future atherosclerotic events, 
such as myocardial infarction, stroke, and peripheral vascular disease.57 MCP-1 and IL-8 are pro-
inflammatory chemoattractant proteins (chemokines) which cause recruitment of leukocytes 
to the arterial endothelium,58-59 while VCAM-1 and ICAM-1 are pro-inflammatory adhesion 
molecules which cause adhesion of leukocytes to the arterial endothelium.60 

Lipid metabolism 
Raised serum levels of total cholesterol (TC), low-density lipoprotein (LDLc), and apolipoprotein B 
(ApoB) together with reduced levels of high-density lipoprotein (HDLc) and apolipoprotein A-I 
(ApoA1) increase the risk for CVD.61-63 Acylation stimulating protein (ASP) is a hormone which 
stimulates uptake of glucose and free fatty acids (FFA) in adipocytes and inhibits triglyceride (TG) 
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lipolysis in adipocytes.64-65 Increased FFA, TG, and ASP levels have also been associated with CVD 
risk.66-68

Body composition 
Obesity is an important determinant of type 2 diabetes and CVD. The prevalence of obesity is 
rising in both children and adults.69-71 Body composition can be measured by Dual-Energy X-ray 
Absorptiometry (DXA), which is explained in Appendix A. DXA gives insight in the total amount of 
fat mass (FM) and lean body mass (LBM). It is well known that a higher fat percentage in adults 
results in an increased risk for CVD and type 2 diabetes.72 

Insulin sensitivity 
Glucose homeostasis can be measured by a Frequently Sampled Intravenous Glucose Tolerance 
(FSIGT) test (Appendix A). In normal condition, variations of insulin sensitivity are compensated 
proportionally by insulin secretion; reduced insulin sensitivity leads to increased insulin secretion 
by the beta cells.73 If insulin secretion does not change appropriately, impaired glucose tolerance 
will develop, which might eventually lead to type 2 diabetes.74

Metabolic syndrome 
The metabolic syndrome (MetS) is a combination of closely related cardiovascular risk factors 
(visceral obesity, dyslipidemia, hyperglycemia, and hypertension). Several definitions of the 
MetS exist. One of these comprises the revised criteria of the National Cholesterol Educational 
Program (NCEP, Adult Treatment Panel III)75, which defines MetS as having 3 or more of the 
following risk factors: abdominal obesity, high TG, low HDLc, high systolic or diastolic blood 
pressure, and high fasting glucose. 

3. Gonadal function 

Early life factors may affect many organ functions (Figure 1). Therefore, it is also of interest to 
determine the effect of birth size and growth trajectories on gonadal function.

Male gonadal function
The testis fulfils two essential functions: the synthesis and secretion of sex hormones and the 
production and maturation of male gametes. Functionally and anatomically, the testis can be 
divided into an interstitial compartment and a tubular compartment (Figure 6). The interstitial 
compartment, consisting of Leydig cells which produce testosterone, is situated between the 
seminiferous tubules. Leydig cell function is influenced by Luteinizing Hormone (LH) levels. The 
tubular compartment consists of the seminiferous tubules containing two types of cells: Sertoli 
cells and germ cells in different stages of differentiation. Each Sertoli cell can harbor a limited 
number of germ cells. 
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Hypothalamus

Anterior Pituitary

Leydig cell Sertoli cell
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Figure 6. Hypothalamic-pituitary-gonadal axis in males. 
GnRH= Gonadotropin-Releasing Hormone, LH= Luteinizing Hormone, FSH= Follicle Stimulating Hormone, T= Testosterone, 
E2= Estradiol, DHT= Dihydrotestosterone

The number of Sertoli cells is quantitatively determinative for the sperm production. In 
adulthood, Sertoli cells produce Inhibin B. Therefore, serum level of Inhibin B is an important 
marker of Sertoli cell function in adulthood.76 Anti-Müllerian hormone (AMH) is also produced by 
the Sertoli cells, but is stimulated by intratesticular testosterone rather than FSH.77

 The “testicular dysgenesis syndrome” is based on the hypothesis that developmental disorders 
in fetal life may lead to abnormal spermatogenesis, cryptorchidism, penile malformations 
(e.g. hypospadias) and testicular cancer.78 In several studies increased risk of hypospadias, 
cryptorchidism, and testicular cancer were found to be associated with small birth size for 
gestational age.79 Furthermore, a longitudinal study in Norway showed a reduced reproduction 
rate in men born preterm; the reproduction improved with increasing gestational age.80 It is 
unknown whether this effect was related to marital status, lower socioeconomic status, or 
reduced gonadal function. Thus, it remains a question whether small birth size for gestational 
age and preterm birth associate with less gonadal function in men.
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Female gonadal function
The ovary fulfils two essential functions: the synthesis and secretion of sex hormones and the 
development and release of the mature oocyte. Human follicle development starts in the twelfth 
week of intrauterine life and in the fifth month the maximum size of the ovarian follicle pool is 
reached. During fetal life and childhood, follicles develop through primordial and primary stage, 
to pre-antral and small antral follicles.81-82 The loss of primordial follicles, which begins already 
prior to birth, continues throughout childhood so that at the time of menarche approximately 
500 000 follicles remain. 
 From the onset of puberty, the small antral follicles will develop to antral follicles. At the 
antral stage, most follicles undergo atresia whereas a few develop into a Graafian follicle and will 
reach the preovulatory stage.83 Granulosa cells of pre-antral and small antral follicles produce the 
dimeric glycoprotein anti-Müllerian hormone (AMH), which is involved in the regulation of early 
folliculogenesis.83 Serum AMH level is a good marker of the ovarian pool size, as this hormone 
reflects the number of pre-antral and small antral follicles (Figure 7).84-85

 Controversies exist regarding the association between preterm and small for gestational 
age (SGA) birth and abnormal ovarian function in adulthood. Some studies showed smaller 
ovaries and uterus in infants and adolescent women born SGA.86-87 Others found no differences 
in ultrasonic measurements of the uterus and ovaries in girls born SGA;88 neither did intrauterine 
growth retardation affect the ovarian volume of fetuses nor the volume percentage of follicles in 
the ovaries.82 

Figure 7. The role of AMH in normal ovarian follicle development. Broekmans FJ et al. Anti-Müllerian 
hormone and ovarian dysfunction. Trends Endocrinol Metab. Nov 2008;19(9):340-347.89



18 | Chapter 1

4. Hypotheses

We hypothesized that accelerated postnatal gain in weight relative to length, rather than preterm 
birth and small size at birth, leads to risk factors for preclinical atherosclerosis, type 2 diabetes and 
MetS, which is in line with the growth acceleration hypothesis. We, furthermore, hypothesized 
that preterm and small size at birth do not affect gonadal function in early adulthood. 

5. The PROGRAM and PREMS study cohorts

To investigate these hypotheses the PROgramming factors for Growth And Metabolism 
(PROGRAM) and Prematurity and Small for Gestational Age (PREMS) study cohorts were 
initiated. The inclusion and exclusion criteria are described in Appendix B. The PROGRAM study 
consists of 323 healthy young adults born term and the PREMS study of 169 healthy young adults 
born preterm (gestational age <36 weeks). In these participants, many determinants for CVD, 
type 2 diabetes and gonadal function were determined, including blood pressure, intima media 
thickness, pulse wave velocity, inflammatory markers, lipid metabolism, body composition, and 
insulin sensitivity.

6. Study design

To investigate the influence of different growth patterns during childhood on determinants of 
adult disease and gonadal function, we oversampled subjects with extreme variants of normal 
growth, such as subjects born small for gestational age (SGA) (with and without catch-up growth) 
and subjects with unknown growth retardation during childhood (idiopathic short stature (ISS)). 
This design created greater contrast in the study population, which contributed to more statistical 
power. The definitions of SGA and ISS are explained in Appendix C.
 For subgroup analyses, the total study population was divided into four clinically relevant 
subgroups based on birth length and adult height. The criteria for being included into one of 
the subgroups are described in Appendix D. Two subgroups consisted of small for gestational 
age born adults, one without catch-up growth (SGA-S) and one with catch-up growth (SGA-CU). 
The last two subgroups consisted of young adults born appropriate for gestational age: One with 
short adult stature without known reason (ISS) and one with normal adult height (controls). 
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7. Aims of the study

This thesis describes results of eight studies performed in young adults, aged 18-24 years, who 
participated in the PROGRAM or PREMS study. These studies were started to investigate if size 
at birth, preterm birth, and different growth patterns during childhood influence determinants 
of adult disease and gonadal function in early adulthood. We also investigated mechanisms 
involved in the development of atherosclerosis. 

Birth size, preterm birth and CVD-risk in young adults
We investigated if small size at birth and preterm birth were associated with blood pressure, 
pulse pressure, blood pressure variability, carotid intima media thickness, pulse wave velocity, 
inflammatory markers, and lipid levels in young adults. We also investigated whether other 
factors influenced these determinants in early adulthood. In addition, subgroup analyses were 
performed to evaluate whether determinants differed between the clinically relevant subgroups.

Growth in early life and risk for CVD and type 2 diabetes
First year growth data were collected to investigate if gain in weight relative to length during a 
specific time period in the first year had an influence on determinants of cardiovascular disease 
and type 2 diabetes in young adults born preterm. Furthermore, we investigated whether gain in 
weight relative to length was associated with MetS, and combinations of specific type 2 diabetes 
determinants determined by Principal Component Analysis (Appendix E), in young adults born 
term.

Mechanisms involved in the development of atherosclerosis
We explored pathways resulting from increased fat mass, through several determinants of 
atherosclerosis, including lipid levels and blood pressure, using Structural Equation Modeling 
(Appendix E). We aimed particularly at fat mass, because fat mass accumulation during childhood 
is an important risk factor for CVD in adulthood. 

Birth size, preterm birth and gonadal function in young adults
We aimed to investigate the influence of birth size and preterm birth on several markers of gonadal 
function in males and females. We were also interested in the effect of other (environmental) 
factors, such as socioeconomic status, maternal smoking during gestation and fat mass in early 
adulthood. 
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8. Outline of the thesis

Chapter 1 gives an introduction in the topics described in this thesis.
Chapter 2 describes the effect of preterm birth on several determinants of CVD in early adulthood, 
including effects of birth size and growth patterns.
Chapter 3 reports the association of gain in weight relative to length during different periods, 
and weight trajectories in early life after preterm birth with determinants of CVD and type 2 
diabetes in early adulthood.
Chapter 4 describes mechanisms underlying metabolic syndrome in later life, including birth 
weight, gain in weight for length during early life and adult IGF-I SDS.
Chapter 5 reports associations between low birth weight, preterm birth, adult body size and a 
broad range of biomarkers related to early stage atherosclerosis in early adulthood. Principal 
Component Analysis (PCA) was applied to identify combinations of biomarkers associated with 
early stage atherosclerosis.
Chapter 6 presents associations of growth trajectories in early childhood with combinations of 
type 2 diabetes determinants, also using PCA. 
Chapter 7 reports a novel approach to study pathways involved in the development of 
atherosclerosis in early adulthood. A model is presented of complex direct and indirect effects of 
fat mass leading to atherosclerosis, using Structural Equation Modeling.
Chapter 8 and Chapter 9 present the studies on the influence of preterm birth and small birth 
size for gestational age on gonadal function of respectively male and female participants of the 
PROGRAM and PREMS study. In addition, subgroup analyses were performed to investigate 
differences in gonadal function with regard to different growth patterns.
Chapter 10 discusses the results of the studies in relation to the current literature and presents 
conclusions and clinical implications of the study results.
Chapter 11 summarizes the findings of the study in English and Dutch.
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Appendix A

Dual-Energy X-ray Absorptiometry 
Dual-Energy X-ray Absorptiometry (DXA) is a method used to measure bone mineral density and 
body composition. The participant being assessed lies still for approximately 15 minutes while a 
scanner slides over the participant. DXA uses X-ray to assess these measures, but the radiation 
dose is approximately 1/10 of a chest X-ray. In the present thesis, DXA measurements were used 
to determine total body fat and lean body mass.90

Carotid Intima media thickness 
Intima media thickness (IMT) is the thickness of the two inner layers of an arterial wall. The 
thickness of the intima media of the carotid artery is related to atherosclerosis in later life.40,91 
Carotid IMT was measured in supine position by recording of ultrasonographic images of both 
left and right carotid artery, using a 7.5 MHz linear array transducer (ATL Ultramark IV, Advanced 
Tech. Laboratories, Bethel Washington, USA). On the R wave of the electrocardiogram, three 
longitudinal images of the near and far wall of the common carotid artery were frozen and stored 
on videotape. These frozen images were digitalized and displayed on the screen of a computer 
using a frame grabber (VP 1400-KIT-512-E-AT, Imaging Technology). The common carotid IMT was 
determined as the mean of the mean near and far wall measurements of both the left and right 
side common carotid artery.91

Frequently Sampled Intravenous Glucose Tolerance test
Several values of glucose homeostasis can be measured measured by Frequently Sampled 
Intravenous Glucose Tolerance Test (FSIGT): Insulin sensitivity index, which is the ability of insulin 
to increase net glucose disposal; acute insulin response to glucose (AIR), which is the integrated 
insulin release during the first 10 minutes after the glucose infusion; and the disposition index 
(DI), the product of insulin sensitivity and acute insulin response indicating the degree of glucose 
homeostasis. These indicators of glucose regulation were determined by the Bergman’s minimal 
model (MINMOD 6.01 copyright RN Bergman) calculating paired glucose and insulin data 
obtained by frequent measurements during an FSIGT92-94 with Tolbutamide.95 



22 | Chapter 1

Appendix B

Inclusion criteria of the PROGRAM and PREMS study
 − Chronological age at inclusion: 18.00-23.99 years
 − Neonatal period without signs of severe asphyxia (defined as an Apgar score below three 

after five minutes), no serious diseases such as long-term artificial ventilation and oxygen 
supply, broncho-pulmonary dysplasia or other chronic lung disease

 − Well documented growth data
 − Caucasian
 − Born singleton
 − Signed informed consent
 − PROGRAM study: gestational age of 36 weeks or more
 − PREMS study: gestational age of less than 36 weeks

Exclusion criteria of the PROGRAM and PREMS study
 − Chromosomal disorders, known syndromes and serious dysmorphic symptoms suggestive for 

a yet unknown syndrome, except Silver-Russell Syndrome
 − Any disease, endocrine or metabolic disorder that could interfere with growth during 

childhood (such as diabetes, growth hormone deficiency, malignancies, severe chronic 
disease)

 − Treatment that could have interfered with growth (such as radiotherapy or growth hormone 
treatment)

 − Serious suspicion of psychosocial dwarfism (emotional deprivation) during childhood
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Appendix C

Definition of Small for Gestational Age (SGA)
In 2001, the International SGA Advisory Board Panel formulated a consensus statement on 
the definition of SGA, by defining SGA as a birth length and/or birth weight below -2 standard 
deviation score (SDS), adjusted for gestational age and gender.96 Data from an appropriate 
reference population are necessary to take differences in ethnicity into account.

LGA

AGA

SGA

+2 SD

-2 SD

 0 SD

SGA and IUGR
IUGR but not SGA
SGA but not IUGR

le
ng

th
 o

r w
ei

gh
t

gesta�on birth

Figure 8. Fetal growth chart showing different growth patterns in IUGR and SGA newborns.

SGA is a term used for size at birth and does not refer to intrauterine growth. Intrauterine growth 
is used to describe growth velocity in fetal life, which is determined by at least two ultrasound 
measurements. A child born SGA might have been small from the beginning of fetal life, or could 
have experienced Intrauterine Growth Retardation (IUGR) later in gestation, resulting in a small 
size at birth. However, children with IUGR late in gestation can be born with a normal birth size. 
Figure 8 shows these different fetal growth patterns.

Prevalence and etiology of SGA
When SGA is defined as birth length and/or birth weight below -2 SDS, 2.3% of all live-born 
children are born SGA. For the Netherlands this means that in 2005, of all 187 910 live-born 
children, 4322 were born SGA (Central Bureau of Statistics, Voorburg, The Netherlands). 
 Several factors influence intrauterine growth and may therefore cause SGA birth, including 
fetal, maternal, placental and demographic factors. Although many factors are known, in 40% of 
the cases, no cause can be found. Identification of the cause of SGA is important as underlying 
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mechanisms may influence the prognosis and treatment. Table 1 lists factors associated with 
IUGR .
 Approximately 85% of the SGA children show catch-up growth in the first two years of life to 
a height above -1.88 SDS.97-99 Catch-up is most pronounced in the first six months of life, but this 
might be prolonged in prematurely born SGA children. Although subjects born SGA with catch-up 
growth (SGA-CU) attain a normal adult stature, they remain significantly shorter than subjects 
born appropriate for gestational age (AGA). 

Idiopathic short stature (ISS)
ISS is defined as a condition in which height is <-2 SDS without evidence of systemic, endocrine, 
nutritional, or chromosomal abnormalities. ISS subjects have a normal size at birth and do not 
have growth hormone deficiency. The group of ISS subjects is heterogeneous, with an unknown 
cause of short stature. Familial short stature is a common feature in this group. 

Table 1. Factors associated with intrauterine growth retardation
Fetal factors
Multiple births
Congenital malformations
Chromosomal anomalies Turner syndrome

Down syndrome
Inborn errors of metabolism
Intrauterine infections TORCHES (Toxoplasmosis, Rubella, Cytomegalovirus, 

Herpes simplex, Syphilis)
Maternal factors
Medical conditions Hypertension

Pre-eclampsia
Severe chronic disease of infections
Systemic lupus erythematosus
Antiphospholipid syndrome
Anemia
Malignancies
Abnormalities of the uterus

Social conditions Maternal nutrition
Low prepregnancy BMI
Low maternal weight gain
Delivery at <16 or >35 yrs
Low socioeconomic status
Use of drugs

Placental factors
Reduced blood flow
Reduced area for exchange of nutrients and oxygen Infarcts

Hematomas
Partial abruption

Environmental factors
High altitude
Toxic substances

Adapted from Bryan and Hindmarch 100



Chapter

1

25General introduction | 

Appendix D

Additional criteria for inclusion into one of the four subgroups

Normal birth length and adult height were set at an SDS >-1 (± 0.1 SDS)
 − Born small for gestational age (birth length <-2 SDS) with a short adult height (<-2 SDS) (SGA-

short, SGA-S)
 − Born small for gestational age (birth length <-2 SDS) with catch-up growth resulting in a 

normal adult height (>-1 SDS) (SGA catch-up (SGA-CU))
 − Born appropriate for gestational age (birth length >-1 SDS) with growth retardation resulting 

in a short adult stature (<-2 SDS) (Idiopathic short stature (ISS))
 − Born appropriate for gestational age (birth length >-1 SDS) with a normal adult height 

(>-1 SDS) (controls)
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Appendix E

Principal Component Analysis
Principal Component Analysis (PCA) is a multivariate correlation technique that is used to 
reduce a large number of intercorrelated variables to a smaller set of independent principal 
components.101-102 Subsequently, component scores can be calculated for each principal 
component identified, to use in multiple regression analysis and subgroup comparisons. 

Structural Equation Modeling
Structural Equation Modeling (SEM) is a powerful statistical tool for non-hypothesis-driven path 
analyses, using maximum likelihood estimations.103-104 SEM has been used in psychological, social, 
educational, and management fields and is applicable in clinical research, specifically to visualize 
pathways and calculate the magnitudes of direct and indirect effects on human diseases.103 
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Abstract 

Introduction: Both preterm birth and small birth size for gestational age (SGA) have been 
associated with an increased risk for developing cardiovascular disease (CVD), but controversies 
still exist. Our aim was to investigate the effect of preterm birth on risk factors for CVD, 
independent of birth size.

Patients and Methods: Observational study using data of 406 healthy participants aged 18 to 
24 years, from the PROGRAM/PREMS study. Associations between gestational age and systolic 
blood pressure (SBP), diastolic blood pressure (DBP), pulse pressure, blood pressure variability, 
heart rate, Pulse Wave Velocity (PWV), and carotid Intima Media Thickness (cIMT) were studied. 
To study the differential effects of preterm and SGA birth, these parameters were also analyzed 
in subgroups born either preterm or term: young adults born SGA with short or normal adult 
stature, and young adults born appropriate for gestational age with normal adult stature.

Results: Subjects born preterm (gestational age <36 weeks) had higher unadjusted SBP, pulse 
pressure, systolic and diastolic blood pressure variability, and heart rate, but a lower DBP than 
subjects born term. Gestational age was inversely associated with SBP, pulse pressure, blood 
pressure variability, and heart rate, and positively associated with DBP, also after adjustment for 
confounders. There was no effect of gestational age on PWV and cIMT, a marker of atherosclerosis. 
Of all the CVD risk factors measured, higher pulse pressure affected cIMT the most. 

Conclusions: Young adults born preterm might have a higher risk for CVD than those born term.
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Introduction

Small size at birth has been associated with an increased risk for developing cardiovascular 
disease (CVD) in later life.1 Both preterm birth and poor fetal growth can lead to small birth size. 
Thus, in unraveling the mechanism of this association, independent effects of gestational age as 
well as small birth size for gestational age (SGA) are important to determine. 
 Increased blood pressure and arterial stiffness (quantified by Pulse Wave Velocity (PWV)2-3) 
are major determinants of CVD, and both preterm birth and SGA birth have been related to these 
CVD risk factors.1, 4-9 
 A recent study showed increased carotid Intima Media Thickness (cIMT), which is a measure 
of atherosclerosis,10 in subjects born preterm, however, this was restricted to those with fetal 
growth restriction.11 Furthermore, low birth weight has been associated with increased cIMT in 
young adulthood.12 Although these results were not adjusted for gestational age, it was shown 
that exclusion of young adults born preterm strengthened the association, indicating that the 
effect of small birth size on cIMT was due to SGA rather than preterm birth. In contrast, others 
showed that birth weight SDS did not associate with cIMT in young adulthood.13

 We investigated differences between young adults born either preterm or term, using the 
following variables: systolic blood pressure (SBP), diastolic blood pressure (DBP), pulse pressure,14 
blood pressure variability,15-16 heart rate,17 PWV, and cIMT. We also investigated the influence 
of gestational age on these outcomes after adjustment for several confounders, including birth 
weight SDS and birth length SDS. Additionally, we studied the differential effects of preterm and 
SGA birth on CVD risk, by subdividing the total population in clinically relevant groups: born small 
for gestational age (either preterm or term) with short (SGA-S) or normal adult stature (SGA-CU), 
and born appropriate for gestational age (either preterm or term) with normal adult stature 
(AGA).

Methods

The PROGRAM (n=323) and PREMS (n=169) study cohorts consist of 492 healthy participants, 
aged 18-24 years. The PROGRAM- and PREMS study cohorts had similar inclusion and exclusion 
criteria, study center (Erasmus University Medical Centre in Rotterdam), and measurements, 
the only difference was that the PREMS study consists of participants born preterm (gestational 
age <36 weeks). Participants were recruited from several hospitals in the Netherlands, where 
they had been registered because of their small birth size (birth length<-2SDS),18 short stature 
(adult height<-2SDS),19 or being born preterm. By using advertisement, healthy subjects born 
AGA were asked to participate. The participation rate of the PROGRAM/PREMS study cohort 
was 79.5%.20 The study population has been previously described in detail.20-21 Birth data were 
taken from medical records of hospitals, community health services and general practitioners. 
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Information regarding socioeconomic status (SES), smoking and alcohol use was obtained using 
questionnaires. Education level of the participant was used as socioeconomic indicator to 
determine SES.22 The Medical Ethics Committee of Erasmus Medical Centre approved the study. 
Written informed consent was obtained from all participants. 
 Of the 492 participants who entered the study, 86 had incomplete data because the devices 
to measure blood pressure, cIMT and PWV were not available at all times, resulting in a total 
number of 406 eligible subjects for analyses. 
 Additionally, based on SD-scores of birth length and adult height, the subjects were assigned 
to one of three subgroups. In order to increase the statistical power for subgroup comparison, 
the cut-off values for small birth size and short adult height were set at -2 SDS, and the cut-off 
values for normal birth size and normal adult height were set at -1 SDS. This resulted in a total of 
246 participants who were included in one of the three subgroups: 

 − SGA (birth length<-2 SDS) with a short adult height (<-2 SDS)(SGA-S):n=44,
 − SGA (birth length<-2 SDS) with catch-up growth resulting in normal adult height (>-1 SDS)

(SGA-CU):n=75,
 − AGA (birth length>-1 SDS) with normal adult height (>-1 SDS)(AGA):n=127.

All participants fasted for 12 hours and abstained from smoking and alcohol for 16 hours. Height 
was measured to the nearest 0.1 cm by a Harpenden stadiometer, weight to the nearest 0.1 kg by 
a scale (Servo Balance KA-20-150S). All anthropometric measurements were performed twice; 
the mean was used for analysis. 
 Blood pressure and heart rate were measured after 10 minutes at rest, in the supine position, 
using the nondominant arm with an automatic device (Accutorr Plus, Datascope Corp., Montvale 
NJ, USA23) every five minutes for one hour and the mean values of these 13 measurements were 
taken to reflect resting blood pressure and resting hear rate (HR). Measuring blood pressure using 
an automatic device has many advantages, however some factors influence the measurement 
accuracy such as the underlying algorithms used and size and material of the cuff.24 The device 
used in the present study has been validated by the Association for the Advancement of 
Medical Instruments (AAMI) and the British Hypertension Society (BHS), concluding that the 
device gives accurate measurements in greatest agreement with the mercury standard.25 The 13 
blood pressure measurements were also used to calculate the coefficient of variation.15-16 Pulse 
pressure was calculated as the difference between mean systolic and diastolic blood pressure.14 
 Carotid-femoral PWV was measured in supine position using SphygmoCor (AtCor Medical, 
Sydney Australia).26 A pressure tonometer was used to simultaneously record carotid pulse wave 
and ECG. The femoral pulse wave and ECG were also recorded. Distance travelled by the pulse 
wave was determined by measuring the distances from sternal notch to the femoral location and 
from sternal notch to the carotid location of pulse wave recording.27

 Carotid IMT was measured in supine position by recording of ultrasonographic images of 
both left and right carotid artery, using one 7.5 MHz linear array transducer (ATL Ultramark IV, 
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Advanced Tech. Laboratories, Bethel Washington, USA).28 On the R-wave of the electrocardiogram, 
three longitudinal images of the near and far wall of the common carotid artery were frozen and 
stored on videotape. These frozen images were digitalized and displayed on the screen of a 
computer using a frame grabber (VP 1400-KIT-512-E-AT, Imaging Technology). The common cIMT 
was determined as the mean of the mean near and far wall measurements of both the left and 
right side common carotid artery.28 

Statistical analysis
SD-scores for birth length and birth weight were calculated to correct for gestational age and 
sex.18 SD-scores for adult height, and adult weight were calculated to correct for sex, and age.19 
Variables were log-transformed (natural logarithm) if not normally distributed. ANOVA was 
used to determine if there were differences between participants born either preterm or term. 
Using the 13 blood pressure measurements, the coefficient of variation (CV) was calculated to 
determine the within-subject variation in SBP and DBP with time (blood pressure variability).15, 29

 Multiple linear regression (MR)-analysis was performed to determine the association of 
gestational age with SBP, DBP, pulse pressure, blood pressure variability, HR, PWV, and cIMT 
independent of birth size. In all MR-models, adjustments were made for birth length SDS, birth 
weight SDS, adult height SDS, age, sex, SES, smoking, alcohol use, and the interaction term 
birth length SDS*adult height SDS because the study group had been selected on birth length 
and adult height (Model A). To study the association with SBP, DBP, pulse pressure, and blood 
pressure variability, we additionally adjusted for weight SDS (model B), and heart rate (model C). 
To study PWV, we additionally adjusted for mean arterial pressure (MAP) (model B), weight SDS, 
the interaction term sex*weight SDS and age*weight SDS (model C), and heart rate (model D). 
To study cIMT, we additionally adjusted for artery diameter (model B), and weight SDS (model 
C). We tested which parameter (SBP, DBP, pulse pressure, blood pressure variability, HR, PWV) 
was the most important determinant of cIMT, by adding the parameters alternately to the final 
cIMT-model. All regression coefficients are presented as a percentage for better interpretation of 
the results. A positive value indicates that the dependent variable is increased by that % for every 
unit increase of the independent variable.
 ANCOVA was used to determine differences in blood pressure among the subgroups corrected 
for age and sex (model 1), and additionally adjusted for alcohol use, smoking, SES, and weight 
SDS (model 2). In blood pressure analyses, heart rate was added to model 2. In HR analyses, 
systolic blood pressure was added to model 1. In PWV analyses, MAP and HR were added to 
model 1, and height SDS was added to model 2 (model 3). In cIMT analyses, artery diameter 
was added to model 1. AGA subjects born term served as reference group and SGA-S preterm, 
SGA-S term, SGA-CU preterm, SGA-CU term, and AGA preterm were added as dummy variables. 
Statistical package SPSS version 15.0 (SPSS, Inc., Chicago, IL) was used for analyses. Results were 
regarded statistically significant if p was <0.05. 
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Results

The clinical characteristics of the total study population are shown in Table 1. Young adults born 
preterm had higher unadjusted SBP (p=0.007), pulse pressure (p<0.001), systolic and diastolic 
blood pressure variability (p=0.002, and p<0.001 respectively), and heart rate (p<0.001) than 
subjects born term. Unadjusted DBP was lower in subjects born preterm (p<0.001). 
 Gestational age was inversely associated with SBP (p=0.026) and pulse pressure (p=0.001) 
after correction for age, sex, SES, smoking, alcohol use, adult height SDS, and birth size. These 
associations remained significant after additional correction for adult weight SDS (Table 2). In 
contrast with the association between gestational age and pulse pressure, which remained 
significant after additional correction for heart rate, the association of gestational age with SBP 
disappeared after correction for heart rate. Heart rate on itself was positively associated with 
SBP (p<0.001) (Table 2). 
 Gestational age was positively associated with DBP after correction for age, sex, SES, smoking, 
alcohol use, adult height SDS and birth size (p=0.001) (Table 2). This association remained 
significant after additional adjustment for weight SDS and heart rate (p<0.001), which were both 
positively associated with DBP (p<0.001).
Lower gestational age was associated with a higher coefficient of variation of both systolic 
(β(%)=-1.67, p=0.003, adj. R2=0.058) and diastolic blood pressure (β(%)=-2.85, p<0.001, adj. 
R2=0.149), after adjustment for age, sex, birth length SDS, birth weight SDS, adult height SDS, 
SES, smoking, alcohol use, heart rate, and weight SDS (data not shown). 
 In MR-analyses, gestational age was inversely associated with heart rate after adjustment for 
age, sex, birth size, adult height SDS, SES, smoking, and alcohol use (β(%)=-0.86, p<0.001, adj. 
R2=0.176). This association remained significant after additional adjustment for weight SDS and 
SBP (β(%)=-0.76, p<0.001, adj. R2=0.213) (data not shown).
 After adjustments, gestational age was not significantly associated with PWV (Table 3). Adult 
height SDS showed a significant positive association with PWV (p=0.029) after adjustment for 
weight SDS. Smoking, higher mean arterial pressure, and higher heart rate, were also related to 
a higher PWV. 
 Lower gestational age showed a trend towards lower cIMT after adjustment for age, sex, 
SES, smoking, alcohol use, adult height SDS, and birth size (p=0.074) (Table 3). However, this 
disappeared after adjustment for artery diameter, which was positively associated with cIMT. 
 Because gestational age had an effect on several markers that have been previously associated 
with atherosclerosis, we tested which marker was the most important determinant of cIMT, by 
adding the markers alternately to model C (data not shown). The effects of SBP (β(%)=0.16, 
p=0.002, adj.R2=0.198), DBP (β(%)=0.02, p=0.818, adj.R2=0.172), pulse pressure (β(%)=0.48, 
p<0.001, adj.R2=0.228), SBP variability (β(%)=0.015, p=0.475, adj.R2=0.174), DBP variability 
(β(%)=0.28, p=0.072, adj.R2=0.181), HR (β(%)=-0.06, p=0.352, adj.R2=0.176), and PWV (β=-0.62, 
p=0.259, adj.R2=0.172) on cIMT were determined. The model with the highest adjusted R2, thus 
explaining the largest proportion of variation in cIMT, was the model including pulse pressure.
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Table 1. Unadjusted clinical characteristics of the total study population and subgroups

Total study population Subgroups

SGA-S SGA-CU AGA

Preterm 
(n=163)

Term 
(n= 243)

Preterm 
(n=9)

Term 
(n=34)

Preterm 
(n=31)

Term 
(n=44)

Preterm 
(n=63)

Term 
(n=64)

Male/female # 83/80§ 92/151 5/4 10/24 15/16 17/27 37/26 26/38

Age (yrs) 20.8(1.7) 20.9(1.7) 21.6(1.8) 20.6(1.7) 20.4(1.9)§ 21.4(1.4) 21.0(1.6) 20.7(1.8)

Gestational age 
(wks)

32.0(2.2)† 39.2(1.7) 32.3(1.5)† 39.3(1.6) 32.3(2.1)† 38.3(1.6) 32.3(2.4)† 39.4(1.6)

Birth length  
SDS

-1.22(1.9) -1.46(1.5) -3.58(1.0) -2.99(0.9) -3.16(0.8) -2.85(0.8) 0.38(0.9) 0.14(0.7)

Birth weight  
SDS

-0.42(1.8)† -1.12(1.4) -2.49(0.9) -2.02(0.9) -2.11(1.1) -2.36(0.7) 0.79(1.1)§ 0.08(1.2)

Adult height  
SDS

-0.42(1.0)† -1.03(1.4) -2.31(0.3) -2.61(0.6) -0.10(0.6) -0.11(0.8) 0.13(0.6) 0.38(0.9)

Adult weight 
SDS

-0.28(1.2)‡ -0.63(1.4) -1.08(1.2) -1.50(1.6) -0.32(1.2) 0.21(1.1) 0.27(0.8) 0.10(0.9)

SBP(mmHg)* 112.3(8.0)§ 110.0(9.0) 109.2(6.6) 107.8(10.2) 113.4(7.2) 112.4(10.2) 113.1(8.2)‡ 110.1(7.2)

DBP(mmHg) 63.3(5.3)† 66.1(5.9) 58.2(3.3)§ 66.2(8.0) 64.5(5.2) 66.6(6.1) 63.6(5.4)§ 66.1(5.0)

PP(mmHg)* 48.9(6.2)† 43.8(5.8) 51.0(6.1)† 41.7(5.2) 48.9(6.0)‡ 45.8(6.7) 49.5(6.1)† 43.9(5.5)

CV SBP(%)* 5.17(1.8)§ 4.77(2.7) 5.90(1.9) 5.49(4.4) 5.07(1.7) 4.42(1.8) 5.00(1.5) 4.62(2.1)

CV DBP(%)* 9.77(3.2)† 7.98(3.7) 9.00(2.1) 8.36(3.1) 9.64(2.8)§ 7.87(3.1) 9.21(3.0)§ 7.59(4.3)

HR (beats/
minute)

70(9.1)† 65(9.0) 67(9.1) 71(9.6) 72(11.0)§ 65(9.1) 69(8.6)§ 64(8.4)

PWV (m/sec)* 7.60(1.0) 7.59(0.9) 8.00(0.8) 7.16(1.0) 7.65(1.1) 7.62(1.1) 7.67(0.9) 7.76(1.2)

cIMT (mm)* 0.52(0.1) 0.52(0.05) 0.52(0.1) 0.50(0.05) 0.52(0.1) 0.53(0.1) 0.53(0.1) 0.52(0.05)

Supplement

GA Median 
(IQR)

32(29-34) 40(38-40) 32(32-34) 40(38-41) 33(31-34) 38(37-40) 34(32-36) 40(40-41)

BMI 22.2(3.4) 22.4(3.5) 23.5(3.6) 23.1(5.0) 21.5(3.7) 23.2(3.6) 22.7(2.7) 21.8(2.8)

Alcohol users 
(%)#

84.5‡ 75.7 77.8 76.5 80.7 80.0 88.9 78.1

Smokers (%)# 27.0 25.5 22.2 20.6 19.4 35.0 27.0 20.3

SES(%) 1 13.0 9.4 14.3 13.3 14.3 15.6 7.5 3.2

 2 30.5‡ 20.8 28.6 33.3 39.3 21.9 26.4§ 6.5

 3 56.5 69.8 57.1 53.3 46.4 62.5 66.0 90.3

MAP(mmHg)* 83.4(7.3) 83.3(7.7) 81.7(5.2) 81.9(8.2) 84.0(7.7) 86.3(9.4) 84.4(7.4) 83.0(5.8)

AD (mm) 6.66(0.4) 6.66(0.5) 6.49(0.4) 6.38(0.4) 6.65(0.4) 6.76(0.4) 6.77(0.4) 6.79(0.5)

cIMT/AD 0.08(0.01 0.08(0.01) 0.08(0.01) 0.08(0.01) 0.08(0.01) 0.08(0.01) 0.08(0.01) 0.08(0.01)

Values are given as means (SD). GA: gestational age, SDS= standard deviation score, SBP= systolic blood pressure, 
DBP= diastolic blood pressure, PP= pulse pressure, CV= Coefficient of Variation, HR= heart rate, PWV= Pulse Wave Velocity, 
cIMT= carotid Intima Media Thickness. 
*log transformed for ANOVA, # Chi-square test used to determine differences between subjects born preterm and term. 
†: p<.001 compared to term (same subgroup), ‡: p<.05 compared to term (same subgroup), §: p<.01 compared to term 
(same subgroup)
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Unadjusted differences between the subgroups are shown in Table 1. Comparisons of preterm 
and term SGA-subgroups, after adjustment for age, sex, alcohol use, smoking, SES, heart rate and 
weight SDS, showed that SGA-S subjects born preterm had a significantly lower diastolic blood 
pressure (p=0.002), and a higher pulse pressure (p=0.016) than those born term. Also, SGA-CU 
subjects born preterm had a lower diastolic blood pressure (p=0.046), and a higher pulse pressure 
(p=0.028) and systolic and diastolic blood pressure variability (p=0.035 and p=0.004 respectively) 
than those born term. There were no significant differences in systolic blood pressure between 
preterm and term SGA-subgroups. 
 After adjustment for age, sex, alcohol use, smoking, SES, systolic blood pressure, and weight 
SDS, SGA-CU subjects born preterm had a higher heart rate than those born term (p=0.009). 
There was, however, no significant difference in heart rate between SGA-S subjects born preterm 
or term. After adjustment for confounders, PWV and cIMT did also not differ significantly 
between subjects born preterm or term, in any of the subgroups.
 Table 4 shows comparisons of systolic blood pressure, diastolic blood pressure, pulse 
pressure, blood pressure variability, heart rate, PWV, and cIMT of the subgroups after adjustment 
for possible confounders, with AGA subjects born term as reference group. In the final model, all 
preterm subgroups had a significantly lower diastolic blood pressure, but higher pulse pressure 
and diastolic blood pressure variability than the reference group. After correction, there were 
no differences in systolic blood pressure variability and cIMT. SGA-CU and AGA subjects born 
preterm had a higher heart rate than the reference group (AGA, born term). SGA-S and SGA-CU 
subjects born term had a lower PWV than the reference group, but this significant difference 
disappeared after correction for adult height SDS. 
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Discussion

Higher blood pressure in adults born preterm than in healthy controls has been reported.30 Also 
in the present study lower gestational age was associated with higher systolic blood pressure, 
but this disappeared after adjustment for heart rate. These findings suggest that the reported 
elevated systolic blood pressure in subjects born preterm is associated with an increased heart 
rate, indicating that both might share an underlying determinant. The mechanisms underlying 
these associations remain unknown,31 but might be explained by preterm birth being associated 
with an increased cardiac output, which might eventually lead to hypertension.32 In contrast, 
we showed a lower diastolic blood pressure in young adults born preterm, which remained 
significant after adjustment for several confounders. Lower diastolic blood pressure has been 
associated with less risk for CVD,33 although this was controversial in other studies.34 
 To our knowledge, we are the first to report an increased pulse pressure in young adults 
born preterm. This new finding is in line with a study showing an inverse association between 
gestational age and pulse pressure in children.35 Elevated pulse pressure has been associated 
with increased risk for atherosclerosis, already in early adulthood.14,33 This was confirmed by 
our study showing that of all determinants of CVD examined, the effect of pulse pressure on 
cIMT was most pronounced, in contrast to the non-significant effect of DBP on cIMT. In addition, 
variability of systolic and diastolic blood pressure was higher in participants born preterm. Higher 
variability of blood pressure in time has also been associated with CVD.15-16 
 Although one would expect a lower heart rate in combination with a higher pulse pressure, 
young adults born preterm had a higher heart rate than those born term. This finding is 
supported by previous studies.36-38 Johansson et al. hypothesized that an increased heart rate 
could be ascribed to altered sympathoadrenal function in subjects born small, either preterm or 
SGA.38 In the present study, higher heart rate was only found in subjects born preterm, regardless 
of birth weight. This implies that there is an effect of preterm birth on heart rate, rather than an 
effect of SGA birth. Determination of resting heart rate is of importance since it is associated with 
CVD.17 Unfortunately, the present study does not include tests to determine neural regulatory 
mechanisms. For future research it would be interesting to carry out spectral analyses in young 
adults born preterm, in order to determine whether the increased heart rate and blood pressure 
variability are due to sympathovagal imbalance.39-40 
 We did not find an association of preterm birth with PWV. Adult height SDS was, however, 
positively associated with PWV. This association also explains the difference in PWV between 
SGA-S subjects born term and AGA subjects born term, as that difference disappeared after 
correction for height SDS. Only limited studies investigated the association between adult height 
SDS and PWV. One study showed a positive association between height and PWV in healthy 
children.41 
 There was also no effect of preterm birth on cIMT. Previous studies reported controversial 
results regarding the association of cIMT with gestational age, preterm birth, and birth size.12-13 
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These studies, however, did not adjust for artery diameter, which is likely to be a confounder in 
the relationship of gestational age and birth size with cIMT. Also, it might well be that an effect 
of gestational age on cIMT will arise at an older age.
 The great contrasts in birth size and adult stature in our study population enabled performing 
comparisons of clinically relevant subgroups. These comparisons showed that the effect of 
preterm birth on CVD risk can not be ascribed to SGA birth and/or catch up growth. We found 
significant differences in DBP, pulse pressure, and DBP variability, between the preterm subgroups 
and term AGA controls, irrespectively of SGA birth. The preterm groups had a significantly higher 
resting heart rate, except for the preterm SGA-S subgroup. There were no differences in CVD risk 
parameters between the SGA-groups born term and the healthy controls. 
 We acknowledge that the Datascope Accutorr Plus to determine blood pressure during one 
hour uses an algorithm to compute systolic and diastolic blood pressure. Although it has shown 
to be in greatest agreement with the mercury standard, this should be taken into account. Future 
studies are warranted to reproduce our results using directly measured systolic and diastolic blood 
pressure. We also acknowledge that our study population consists of subjects without serious 
postnatal complications and did not include extreme prematurely born subjects. Whether our 
results can be generalized to subjects with complications, such as broncho-pulmonary dysplasia, 
requires further research. Furthermore, it would be of additional value to include family history, 
as a risk factor of atherosclerosis, in our analyses. Unfortunately, we did not have sufficient 
information to assess family history in our cohort of young adults. However, none of the subjects 
who fully completed the questionnaires mentioned a family history of cardiovascular disease. 
 Our data show that young adults born preterm might have a higher risk to develop CVD due 
to a higher systolic blood pressure, resting heart rate, and a higher pulse pressure and blood 
pressure variability in time. Although we show that young adults born preterm have a lower 
diastolic blood pressure than adults born term, the lower diastolic blood pressure contributes 
to an increased pulse pressure in these subjects. Because the prevalence of preterm birth and 
survival is rapidly increasing, our results are of clinical relevance for an increasing number of 
subjects and are thus of major importance for public health.

Acknowledgements: We greatly thank Mrs. J. Dunk, research nurse, for her technical assistance 
and support with data collection. 
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Abstract

Context: Early postnatal weight gain is associated with determinants of cardiovascular disease 
(CVD) and type 2 diabetes mellitus (DM2) in adults born term. However, this association remains 
to be elucidated in adults born preterm.

Objectives: To investigate the association of weight gain during different periods, and weight 
trajectories in early life after preterm birth with determinants of CVD and DM2 in early adulthood. 

Design, Setting, and Participants: Observational study using longitudinal data collected in the 
PREMS study in 162 healthy participants born preterm (gestational age <36 weeks), aged 18 to 
24 years at a medical center in the Netherlands between March 2006 and September 2007. 

Main Outcome Measures: Associations between early and first-year growth, tempo of weight 
gain, and determinants of CVD and DM2 in young adults born preterm.

Results: Weight gain, adjusted for length, in the period from birth up to term age and in the 
first three months after term age, was positively associated with body fat percentage and waist 
circumference at 21 years. Weight gain in the first three months after term age was also positively 
associated with total cholesterol and LDLc levels at 21 years. Subjects with the highest gain in 
weight from birth to term age (highest quartile) had significantly higher body fat percentage, 
waist circumference, acute insulin response, and disposition index in early adulthood than 
the subgroups with moderate and low gain in weight. Rapid catch-up in weight during the first 
three months after term age resulted in a higher fat percentage, waist circumference and serum 
triglycerides level than slower catch-up in weight. 

Conclusion: Accelerated neonatal weight gain compared to gain in length after preterm birth 
(immediately after birth and during the first three months after term age) is associated with risk 
factors for cardiovascular disease in early adulthood, and should therefore be avoided.
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Introduction

Nowadays, 5-13% of all newborns in developed countries is being born preterm.1 Because of 
advances in neonatal intensive care, survival of preterm infants has improved, and most of 
these children reach adulthood. Young adults born preterm are at increased risk for developing 
cardiovascular diseases (CVD),2-3 and have increased cardiovascular mortality.4 The underlying 
cause of this increased cardiovascular risk is unknown, but might well lay in different early 
growth trajectories in infants born preterm.5-7 Alterations in growth during this highly dynamic 
developmental time window might have programming effects on later health outcomes.
 In young adults born term, accelerated neonatal weight gain has been associated with 
increased risk for CVD and type 2 diabetes (DM2).8-10 Few studies have investigated this 
relationship in subjects born preterm, and most of these studies did not have prospective 
detailed first year growth data of the preterm participants, as well as control data of subjects 
born term.11-13 
 In the present study, we investigated associations between weight gain during different time 
windows from preterm birth up to one year after term age and determinants of CVD and DM2 in 
early adulthood. Also, the effect of rapid weight gain during the first three months after term age 
was studied and compared to the effect in subjects born term.8

 Studying this relationship in subjects born preterm also enabled to investigate whether 
a negative effect of accelerated postnatal weight gain is related to the first period after birth 
(regardless of gestational age) or to a maturational stage (term age). 

Methods 

Subjects
The study population consisted of 169 healthy young adults (PREMS study14) who were registered 
because of being born preterm (gestational age <36 weeks). Data of the participants were 
compared with data of 217 young adults born term (PROGRAM study).8 Both cohorts had similar 
in- and exclusion criteria, research centre, and measurements. The clinical characteristics and 
first year growth data of the PROGRAM study have been reported.8 All included subjects were 
aged 18-24 years, Caucasian, born singleton and had an uncomplicated neonatal period without 
severe asphyxia (defined as an Apgar score below three after five minutes), sepsis, or long-
term complications of respiratory ventilation and/or oxygen supply. Birth data were obtained 
from hospital records, primary health care records, and general practitioner records. Data on 
educational level were obtained using questionnaires to determine socioeconomic status (SES).15 
Weight and length at term age (age at which gestational age would have reached 40 weeks), 3, 6, 
9, and 12 months after term age had been prospectively measured at primary health care centers 
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or hospitals. These data were collected during the study period March 2006-September 2007 
from the records of the health care centers and hospitals. 
 The medical ethics committee of Erasmus Medical Center approved the study. Written 
informed consent was obtained from all participants. Of 169 study participants of the PREMS 
study, data on first-year growth were available for 162 young adults, 43 were small at birth (birth 
length < -2SDS) of whom 9 had short stature (adult height <-2SDS), and 119 had normal size at 
birth (birth length >-2SDS) of whom 5 had short stature. 

Measurements
Participants were invited to visit Erasmus University Medical Center and were reimbursed for 
travel expenses. Prior to the visit, participants fasted for at least 12 hours and abstained from 
smoking and drinking alcohol for at least 16 hours. All anthropometric measurements were 
performed twice; the mean value was used for analyses. 
 Lean body mass and fat mass were measured on one Dual-energy X-ray Absorptiometry (DXA) 
machine (Lunar Prodigy, GE Healthcare, Chalfont St Giles, England).16 Insulin sensitivity index 
(capacity of insulin to promote glucose disposal), acute insulin response to glucose (estimate 
of insulin secretory capacity), and the disposition index (the product of insulin sensitivity and 
acute insulin response indicating the degree of glucose homeostasis) were determined using the 
Bergman minimal model (MINMOD Millenium version 6.01, MINMOD Inc, Los Angeles, California), 
which calculated the paired glucose and insulin data obtained by frequent measurements during 
an intravenous glucose tolerance test17-19 with Tolbutamide.20 Blood pressure was measured after 
10 minutes at rest, in the sitting position, using the non-dominant arm with an automatic device 
(Accutorr Plus, Datascope Corp, Montvale, New Jersey) every five minutes for one hour and the 
mean value was taken to reflect resting blood pressure. 

Laboratory Methods
After centrifugation, all samples were kept frozen until assayed (-80°C). The assays have been 
previously described in detail.21 Briefly, plasma glucose levels were determined on a VITROS 
analyzer 750 (Ortho-Clinical Diagnostics, Johnson & Johnson Company, Beerse, Belgium). Plasma 
insulin levels were measured using an immunoradiometric assay (Medgenix Diagnostics, Fleunes, 
Belgium). Total cholesterol level was measured using the CHOD-PAP and the GPO-PAP reagent kit 
(Roche Diagnostics, Mannheim, Germany). High-density lipoprotein (HDL) cholesterol level was 
measured using a homogeneous enzymatic colorimetric assay (Roche Diagnostics). Low-density 
lipoprotein (LDL) cholesterol was calculated using the Friedewald formula: LDL cholesterol 
level in mmol/L = total cholesterol level – HDL cholesterol level – 0.45 x level of triglycerides. 
Apolipoprotein A-I and apolipoprotein B were determined by rate of nephelometry on the Image 
Immunochemistry System (Beckman Coulter, Mijdrecht, the Netherlands) according to the 
manufacturer’s instructions.
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Statistical analysis
SD-scores for birth length, birth weight, and first-year growth were calculated to correct for 
gestational age and sex.22 SD-scores for adult height and weight were calculated to correct 
for sex and age.23 All SD-scores were calculated using growth analyser software (http://www.
growthanalyser.org). Multiple linear regression analyses were performed to investigate the 
association between weight gain from birth up to term age, per each three months during one  
year after term age, and several determinants in young adults born preterm. The five periods 
were analyzed separately from each other. Adjustments were made for gestational age, sex, age, 
and socioeconomic status (SES). To investigate the association between weight and the outcome 
variables independently of length, adjustments were made for length growth during the same 
period. When residuals deviated from homogeneity, outcome variables were log transformed. 
This applied to waist circumference, insulin sensitivity, acute insulin response, disposition index, 
and serum levels of total cholesterol, ApoB, ratio of ApoB to ApoA1, and triglycerides. 
 To study the period from birth up to term age, we subdivided the study population of 162 
participants in quartiles based on their gain in weight SDS in that period. This resulted in three 
subgroups: the lowest quartile, the second and third quartile, and the highest quartile of gain 
in weight SDS. Adjusted subgroup comparisons were performed by calculating the estimated 
marginal means (EMM), with adjustments for sex, age, gestational age, SES, birth weight SDS, 
and gain in length SDS from birth to term age. We could not study catch-up from birth to term 
age (defined as >0.67 SDS weight gain) because most participants decreased in weight in this 
period. Only selecting subjects with catch-up from birth to term age would result in a very small 
group size. 
 Catch-up in weight in the first year after term age was defined as an SD-score of more than 
0.67 of weight gain because this represents the width of each percentile band on standard 
growth curves (second to ninth percentile, ninth to 25th percentile, etc.).8,24 Of the group with 
catch-up in weight, two subgroups were formed based on rapid (SD≥0.5) or slow (SD<0.5) weight 
gain during the first three months after term age. Additionally, young adults born preterm with 
rapid catch-up and slow catch-up in weight were compared to those born term. Differences in 
clinical characteristics were determined by an independent t-test. Differences in determinants 
of CVD and DM2 were determined by regression analyses, with corrections for first-year length 
growth, gestational age, sex, age, and SES.
 SPSS statistical package version 17.0 (SPSS Inc, Chicago, Illinois) was used. All statistical tests 
were performed two-sided and results were regarded statistically significant if P-value was <0.05. 

Results

Clinical characteristics and determinants of CVD and DM2 of the total study group are shown in 
Table 1 and 2. The mean (SD) age was 20.8(1.68) years. Mean weight SDS declined from birth up 
to term age and increased from term age up to three months after term age. 
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Relationship between period of postnatal weight gain SDS and health profile at 21 
years
Associations between infant weight gain after preterm birth and determinants of CVD and 
DM2 in early adulthood are shown in Table 3. Adjustments were made for gestational age, sex, 
age, SES, and length gain SDS in the same period, to investigate the association of weight gain 
independently of length gain. Weight gain from birth to term age was positively associated with 
adult body fat percentage (R2=0.474) and waist circumference (R2=0.138). Similarly, weight gain 
in the first three months after term age had a positive association with body fat percentage 
(R2=0.489), waist circumference (R2=0.165), and in addition serum levels of total cholesterol and 
LDLc at 21 years. The other periods did not show significant associations, except for weight gain 
during 9 to 12 months after term age which was inversely associated with serum levels of total 
cholesterol, LDLc, and ApoB.

Influence of postnatal weight trajectories 
Because of evident differences in weight trajectory before and after term age, these periods 
were studied separately. To study the period from birth to term age, the study population was 
subdivided in quartiles with regard to their gain in weight SDS from birth to term age. We could 
not study catch-up from birth to term age as most participants decreased in weight during this 
period (80.2%). Only selecting subjects with catch-up from birth to term age would result in a 
very small group size. 

Birth to term age
Adjusted for gestational age, sex, age, SES, birth weight SDS, and length gain SDS from birth to 
term age, the subgroup with the highest gain in weight SDS (highest quartile), had a significantly 
higher body fat percentage, waist circumference, acute insulin response, and disposition index 
in early adulthood than the other subgroups (Table 4). In addition, they had a significantly higher 
ratio of trunk fat to total body fat than the subgroup with weight gain in the middle quartiles. The 
subjects with the lowest gain in weight SDS had a lower body fat percentage and lower HDLc at 
the age of 21 years than those with weight gain in the middle quartiles. At the age of 21 years, 
there were no significant differences in SES defined by educational level. 

First year after term age
To assess if tempo of weight gain after term age was associated with determinants of CVD and 
DM2 in young adults born preterm, those with catch-up in weight were divided in two subgroups 
with rapid or slow catch-up in weight. Of all young adults with a clinically relevant catch-up in 
weight of at least 0.67 SDS in the first year after term age, some had a weight gain of more than 0.5 
SDS in the first three months (rapid catch-up, n=55), while others had a weight gain of less than 
0.5 SDS in the first three months (slow catch-up, n=36). The clinical characteristics of these two 
subgroups are shown in Table 1. Gestational age, sex, age, birth length SDS, birth weight SDS and  
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SES were not different between the rapid and slow catch-up group. First-year growth patterns 
and SD-scores for adult height, weight, and weight SDS minus height SDS are shown in Figure 
1. Both catch-up subgroups attained a similar adult height SDS, but the rapid catch-up group 
attained a significantly higher adult weight SDS, and weight SDS compared to height SDS than 
the slow catch-up group. The rapid catch-up group also had a significantly higher percentage of 
body fat, waist circumference, and serum triglyceride levels, and had a trend for higher total 
cholesterol levels after adjustment for sex, age, gestational age, SES, and length gain in the first 
year after term age (Table 2). 
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Figure 1. Weight SDS, height SDS and weight SDS relative to height SDS in the first year after term age 
and in early adulthood, in subjects born preterm with slow and rapid catch-up growth

To investigate whether the effect of rapid growth in subjects born preterm was similar to that 
in subjects born term, we compared our data with those of young adults born term (Table 1 
and 2).8 In both groups, subjects with rapid catch-up in weight after term age showed higher 
body fat percentage and higher waist circumference in early adulthood. However, in adults born 
preterm, rapid catch-up was not associated with higher ratio of trunk fat to total fat, and lower 
insulin sensitivity, which was the case in adults born term. Furthermore, compared to adults 
born preterm with rapid catch-up, those born term had lower ApoA1 levels and higher acute 
insulin response and ApoB/ApoA1 ratio.
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Discussion

Our study shows that accelerated gain in weight relative to length during the period from birth 
to term age, as well as during the first three months after term age, has adverse effects on body 
composition in early adulthood. Thus, the time window for effects of accelerated weight gain on 
body composition is wider in subjects born preterm than term. Most children born preterm have 
a decrease in weight SDS from birth to term age. We also demonstrate that rapid weight gain 
after term age in subjects born preterm is an important determinant of body composition in later 
life, which is in line with results in subjects born term. 
 The period after preterm birth up to term age was studied separately, because of the 
characteristic growth trajectory in that period. We showed that subjects with the highest gain in 
weight SDS in that period had a higher body fat percentage, waist circumference, acute insulin 
response (AIR) and disposition index (DI) at the age of 21 years, than those with less weight gain, 
while insulin sensitivity was similar. These new findings are consistent with previous findings of 
Singhal and co-workers, who reported higher fasting 32-33 proinsulin levels in adolescents born 
preterm with weight gain in the first two weeks of life, compared to those who lost weight.11 
Proinsulin levels and acute insulin response are positively associated in normoglycemic subjects.25 
Insulin is a crucial growth factor during the intrauterine as well as neonatal period,26-27 whereas 
growth hormone does not have an effect on neonatal growth.28 It might well be that subjects 
born preterm with the highest neonatal gain in weight relative to length have a well functioning 
pancreatic beta cell function, which allows easy catch-up in weight after birth, persisting into 
young adulthood with higher AIR and DI at the age of 21 years. It might well be that nutrition and 
(epi)genetic variations contribute to this mechanism. 
 Our data suggest that an imbalance in neonatal gain in weight compared to length after 
preterm birth should be avoided to reduce the risk for a less favorable body composition in later 
life. This may be achieved by modifying nutritional intervention according to weight for length 
trajectories, pointing out that both weight and length should be routinely measured during 
infancy. Our data are in line with previous studies,11, 29-30 demonstrating that rapid weight gain 
mediated by nutrition-enriched diets have subsequent adverse effects on cardiovascular risk 
factors in later life. Furthermore, our data suggest that it might be beneficial to inform parents 
on the long term effects of accelerated gain in weight for length, as the period after discharge 
(usually around term age) of preterm infants seems to be a critical window for programming of 
later body composition.
 Postnatal growth impairment in infants born preterm has been associated with adverse 
neurodevelopment outcome.31 This has led to concerns with regard to cognitive function after 
premature birth.32-33 We did not find evidence that catch-up in weight after preterm birth is 
associated with educational level at 21 years. However, our study was not designed to investigate 
that association. Further research is warranted to determine the optimal postnatal weight 
trajectory after preterm birth to guarantee optimal neurodevelopment but avoid adverse effects 
on later body composition.
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Although our data in young adults born preterm showed a similar association of weight gain in 
the first three months after term age with body composition as in young adults born term, there 
were differences in the associations with lipoprotein levels (total cholesterol and LDLc in adults 
born preterm, versus HDLc, total cholesterol/HDLc ratio, and triglycerides in adults born term).8 
When investigating differences between subjects born preterm and term, early nutritional intake 
should be taken into account. The prevalence and duration of breastfeeding is likely altered in 
infants born preterm because coordination of sucking, swallowing, and respiration is not yet 
established.34 Early nutrition has an effect on later lipoprotein levels,35-36 and it might be that 
alterations in nutritional intake of preterm infants modify or mask the effect of early weight gain 
on certain lipoprotein levels. Our study did not have nutritional data to investigate differences 
in nutritional intake between subjects born preterm and term, and its relationship with 
growth in infancy and cardiovascular determinants later in life, but our results warrant further 
investigations.
 We acknowledge that our study population consists of subjects without serious postnatal 
complications and did not include extreme prematurely born subjects. Whether our results can 
be generalized to subjects with complications, such as broncho-pulmonary dysplasia, requires 
further research. 
 In conclusion, accelerated weight gain compared to gain in length after preterm birth 
is associated with risk factors for CVD and DM2 in early adulthood. Furthermore, the critical 
window it is not only fixed to the period immediately after birth, but also to the period during 
the first three months after term age, as accelerated weight gain during both periods affects 
body composition at 21 years. Our findings point to the need for new data to investigate the 
optimal target of postnatal weight gain after preterm birth, with regard to neurodevelopment 
as well as health profile in adulthood. This could lead to public-health interventions based 
on recommendations for infant feeding after preterm birth, thereby decreasing the risk for 
development of cardiovascular disease and obesity in later life.
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Abstract

Background: The relationship between low birth weight and increased risk for Metabolic 
Syndrome (MetS) in later life has been frequently described, but mechanisms underlying this 
association remain unknown. 

Methods: In 280 young adults of the PROGRAM study, aged 18-24 yr, we investigated associations 
of birth weight, gain in weight for length during early life, and adult Insulin like Growth Factor-I 
(IGF-I) SDS, with number of MetS components (ordinal regression analyses), prevalence of MetS 
components and MetS (logistic regression analyses), and other metabolic parameters (linear 
regression analyses). Revised criteria of the National Cholesterol Educational Program (NCEP, 
Adult Treatment Panel III) were used to determine components of MetS. The other metabolic 
parameters were C-reactive protein (CRP), insulin sensitivity, trunk fat mass, total cholesterol, 
and LDL cholesterol.

Results: More gain in weight for length SDS in the first three months of life was significantly 
associated with an increased number of MetS components (Odds ratio: 1.34), prevalence of 
low HDLc (Odds ratio: 1.49), prevalence of MetS (Odds ratio: 2.51), increased CRP levels and 
lower insulin sensitivity (p=0.007) at the age of 21 years. Low birth weight SDS was associated 
with lower insulin sensitivity (p=0.036), but low birth weight SDS and adult IGF-I SDS were not 
significantly associated with any of the MetS components, or MetS prevalence at 21 years. 

Conclusion: Our study demonstrates that higher gain in weight for length in the first three 
months of life is associated with a higher prevalence of MetS at 21 years, whereas low birth 
weight and low adult IGF-I are not. 
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Introduction

The relationship between low birth weight and increased risk for metabolic syndrome (MetS) in 
later life has been frequently described.1-3 Adults born small for gestational age (SGA) have lower 
insulin sensitivity, higher abdominal fat mass, and lipoprotein levels are more often disturbed, all 
contributing to a higher prevalence of MetS.4 The majority of children born SGA shows catch-up 
growth within two years after birth, resulting in a normal stature in childhood and adulthood.5 

Because accelerated gain in weight for length in early life has been associated with adverse 
health profile in adulthood,6-9 it might well be that the association between small size at birth and 
MetS in later life can be ascribed to accelerated early weight gain.
 Another factor contributing to the relationship between SGA birth and later risk for MetS 
might be insulin like growth factor-I (IGF-I). Decreased serum levels of IGF-I have been reported 
in adults born SGA.10 Furthermore, low IGF-I levels have been associated with each of the 
components of MetS (waist circumference, triglycerides (TG), HDL cholesterol (HDLc), blood 
pressure, and fasting glucose11).12

 Our aim was to unravel mechanisms involved in the association between small size at birth 
and components of MetS in early adulthood. We hypothesized that, in contrast to lower weight 
at birth, accelerated early weight gain for length and/or lower IGF-I levels are associated with 
an increased risk for MetS. We therefore investigated associations of birth weight, first year 
gain in weight for length, and serum IGF-I levels with MetS components according to revised 
criteria of the National Cholesterol Educational Program (NCEP, Adult Treatment Panel III)11. 
MetS criteria were defined for use in clinical practice, however, additional metabolic parameters 
are also relevant to study with regard to cardiovascular disease risk, such as insulin sensitivity 
determined by Frequently Sampled Intravenous Glucose Tolerance (FSIGT) test, and trunk fat 
mass determined by DXA scan.

Study design

Subjects
The PROGRAM study cohort consists of 323 healthy participants with an age between 18 and 
24 years. Participants were recruited from hospitals in the Netherlands, where they had been 
registered because of being small at birth (SGA with a birth length <-2SD (n=102))13 or showing 
short stature (with an adult height <-2SD after being born SGA (n=42 of 102) or appropriate for 
gestational age (n=40)).14 In addition, healthy subjects (neither small at birth nor having short 
stature) from schools with different educational levels were randomly asked to participate. This 
design was purposely chosen to increase the contrast within the study population regarding birth 
size and adult stature. All participants fulfilled the same inclusion criteria: 1) age 18-24 years, 2) 
born singleton, 3) born at term (≥36 weeks of gestational age), 4) Caucasian, 5) uncomplicated 
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neonatal period without signs of severe asphyxia (defined as an Apgar score below three after five 
minutes), without sepsis or long-term complications of respiratory ventilation, such as broncho-
pulmonary dysplasia, 6) maximum duration of respiratory ventilation and/or oxygen supply in the 
neonatal period of two weeks. Subjects were excluded if they had been suffering from any serious 
complication or condition (including necrotizing enterocolitis, intra-ventricular hemorrhage with 
a degree of three or more, spastic hemiplegia or quadriplegia), from any disease or had received 
any treatment known to interfere with growth (e.g. growth hormone deficiency, severe chronic 
illness, emotional deprivation, growth hormone treatment, treatment with glucocorticosteroids, 
radiotherapy) or if they had endocrine or metabolic disorders, chromosomal defects, syndromes 
or serious dysmorphic symptoms suggestive for a yet unknown syndrome. 
 Birth data were taken from records of hospitals, community health services and general 
practitioners. Information regarding socioeconomic status (SES) was obtained using 
questionnaires. Education level of the participant was used as socioeconomic indicator to 
determine SES.15 In the Netherlands, periodical measurements of weight and length are 
performed for each child. Thus, weight and length at 3, 6, 9, and 12 months after birth had been 
measured prospectively at primary health care centers or hospitals. These data were collected 
from the records of the health care centers and hospitals during the study period March 
2006-September 2007. 
 The Medical Ethics Committee of Erasmus Medical Centre, Rotterdam The Netherlands, 
approved the study. Written informed consent was obtained from all participants. Of 323 
subjects data on each component of the metabolic syndrome were available for 280 subjects (of 
whom n=87 were born SGA, and n=70 had short stature). Of these 280 subjects, data on first-
three month’s growth were available for 184 subjects. 

Measurements
All participants visited the Erasmus Medical Centre in Rotterdam and were reimbursed for travel 
expenses. Prior to the visit, participants fasted for at least 12 hours and abstained from smoking 
and drinking alcohol for at least 16 hours. All anthropometric measurements were performed 
twice; the mean value was used for analyses. 
 Height was measured to the nearest 0.1cm by a Harpenden stadiometer and weight to the 
nearest 0.1kg by a scale (Servo Balance KA-20-150S). Lean body mass and fat mass were measured 
on one Dual-Energy X-ray Absorptiometry (DXA) machine (Lunar Prodigy, GE Healthcare, Chalfont 
St Giles, England).16 Insulin sensitivity index (capacity of insulin to promote glucose disposal) 
was determined using the Bergman minimal model (MINMOD Millenium version 6.01, MINMOD 
Inc, Los Angeles, California), which calculated the paired glucose and insulin data obtained by 
frequent measurements during an intravenous glucose tolerance test17-19 with Tolbutamide.20 

Blood pressure was measured after 10 minutes at rest, in the sitting position, using the non-
dominant arm with an automatic device (Accutorr Plus, Datascope Corp, Montvale, New Jersey) 
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three times with five minutes in between, and the mean value was taken to reflect resting blood 
pressure. 

Assays
All fasting blood samples were drawn between 08.00-13.00 h, centrifuged after clotting, and were 
kept frozen until assayed (-80°C). Briefly, plasma glucose levels were determined on a VITROS 
analyzer 750 (Ortho-Clinical Diagnostics, Johnson & Johnson Company, Beerse, Belgium). Plasma 
insulin levels were measured using an immunoradiometric assay (Medgenix Diagnostics, Fleunes, 
Belgium). TG was measured using an automated enzymatic method with the GPO-PAP reagent 
kit (Roche Diagnostics, Mannheim, Germany). High-density lipoprotein cholesterol (HDLc) level 
was measured using a homogeneous enzymatic colorimetric assay (Roche Diagnostics). Low-
density lipoprotein cholesterol (LDLc) was calculated using the Friedewald formula: LDLc = total 
cholesterol – HDLc – 0.45 x triglycerides. For hsCRP an in-house high-sensitivity ELISA with 
polyclonal rat CRP antibodies for catching and tagging (DAKO, Denmark) was used. Serum IGF-I 
and IGFBP-3 levels were measured in one laboratory using an automated chemiluminescence 
immunometric assay (Immulite-1000systems, Siemens Healthcare Diagnostics, Tarrytown, NY). 
Serum levels were expressed as SDS to adjust for age and sex using reference data from a healthy 
Dutch population.21 The assays have been previously described in detail.22 

Statistical analysis
SD-scores for birth length, birth weight, and first year weight and length were calculated to 
correct for gestational age and sex.13 SD-scores for adult height and weight were calculated to 
correct for sex and age.14 Revised criteria of the National Cholesterol Educational Program (NCEP, 
Adult Treatment Panel III) were used to determine components of MetS.11,23 MetS was defined as 
having three or more of the following risk factors:

 − Abdominal obesity (waist circumference): Men >102 cm, women >88 cm
 − Triglycerides: ≥1.7 mmol/L
 − HDLc: Men ≤1.03, women ≤1.3 (mmol/L)
 − Blood pressure: ≥130/ ≥85 mm Hg
 − Fasting glucose: ≥5.6 mmol/L 

Ordinal regression analyses were performed to determine associations of birth weight SDS, 
weight gain during the four three-month periods in the first year of life, and IGF-I SDS, with the 
number of MetS components per individual. All regression analyses were adjusted for age, gender, 
gestational age, and SES. We additionally adjusted for smoking and alcohol use (after removing 
SES), which did not change our results (data not shown). Weight gain analyses were additionally 
adjusted for gain in length SDS in the same period, and IGF-I analyses were additionally adjusted 
for IGF-BP3. We additionally tested whether adult height SDS was a significant confounder in the 
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associations studied, because IGF-I is related to adult height and subjects with short stature were 
oversampled in the study population. 
 Next, logistic regression analyses were performed to investigate associations between birth 
weight SDS, gain in weight for length in the first three months of life, and IGF-I SDS with prevalence 
of each of the components of MetS and prevalence of MetS (three or more of the components).
 Finally, to identify associations of birth weight SDS, gain in weight for length in the first three 
months of life, and IGF-I SDS with other metabolic parameters, we performed linear regression 
analyses with the dependent variables C-reactive protein, insulin sensitivity, trunk fat mass, total 
cholesterol, and LDLc. 
 Statistical package SPSS version 17.0 (SPSS, Inc., Chicago, IL) was used for analyses. Results 
were regarded statistically significant if p was <0.05. 

Results

Clinical characteristics, components of the MetS and additional metabolic parameters are shown 
in Table 1. (MetS, according to the revised NCEP criteria, was present in 5.4% of all participants. 
 Table 2 shows results of ordinal regression analyses. Gain in weight SDS in the first three 
months of life was associated with an increased number of MetS components at the age of 21 
years (odds ratio (OR): 1.34, 95% confidence interval (CI): 1.01-1.78), adjusted for age, gender, 
gestational age, SES and gain in length in the same period. Thus, per one SDS increase in weight 
gain, the chance of having a higher number of MetS components increases with 34%. There were 
no significant associations of birth weight SDS, weight gain during the other three-month periods 
in the first year of life, or serum IGF-I SDS at 21 years with number of MetS components. Subjects 
with short stature were oversampled in the study population. We, therefore, additionally 
adjusted for adult height SDS. After adjustment for adult height SDS, results were similar and 
adult height SDS itself was no significant determinant of the number of MetS components. Gain 
in weight relative to length in the first three months of life was significantly associated with a 
higher prevalence of low HDLc (OR: 1.49, 95%CI: 1.06-2.08), and prevalence of MetS (OR: 2.51, 
95%CI: 1.20-5.25). When we additionally adjusted for adult height SDS in the analyses including 
birth weight and early weight gain, results were similar. Furthermore, adult height SDS itself was 
no significant determinant.
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Table 1. Clinical characteristics and components of the metabolic syndrome in the study group 

Clinical characteristics N Mean(SD) MetS components N Mean(SD)

Age 280 20.9(1.6) Waist (cm) 280 77.2(9.98)

Gender (M/F) 280 112/168  % high* 280 8.6

Gestational age 280 39.2(1.7) TG (mmol/L) 280 1.03(0.51)

Birth length SDS 280 -1.48(1.5)  % high* 280 10.4

Birth weight SDS 280 -1.18(1.4) HDLc (mmol/L) 280 1.37(0.37)

3 months length SDS 183 -1.13(1.25)  % low* 280 34.6

6 months length SDS 182 -1.03(1.20) Systolic BP (mmHG) 280 119.6(11.5)

9 months length SDS 181 -1.00(1.27)  % high* 280 17.1

12 months length SDS 179 -1.02(1.21) Diastolic BP (mmHG) 280 74.1(7.62)

3 months weight SDS 184 -0.96(1.17)  % high* 280 8.2

6 months weight SDS 183 -0.91(1.09) Glucose (mmol/L) 280 4.91(0.47)

9 months weight SDS 181 -0.88(1.13)  % high* 280 7.9

12 months weight SDS 175 -0.79(1.08)

Adult height SDS 280 -1.05(1.37) Metabolic syndrome (%)* 280 5.4

Adult weight SDS 280 -0.60(1.42)

IGF-I SDS 280 -0.32(0.83) Additional metabolic parameters

IGF-BP3 SDS 280 -1.03(0.68) C-reactive protein (mg/L) 273 3.79 (6.6)

Insulin sensitivity (μU/ml) 130 6.82 (4.4)

Trunk fat (kg) 273 7.65 (4.7)

Total cholesterol (mmol/L) 279 4.54 (0.9)

LDLc (mmol/L) 279 2.70 (0.8)
SDS: Standard deviation score, IGF: Insulin like growth factor, waist: waist circumference, TG: triglycerides, HDLc: HDL-
cholesterol, BP: blood pressure, LDLc: LDL-cholesterol. *Based on revised criteria of the National Cholesterol Educational 
Program.

Table 2. Associations of birth size, first year gain in weight for length SDS and adult IGF-I SDS, with the 
number of MetS components per individual

Number of components MetS

Odds ratio 95% CI

Birth weight SDS1 1.09 0.91-1.30

Gain in weight SDS

0-3 months2 1.34 1.01-1.78

3-6 months2 1.10 0.64-1.89

6-9 months2 0.80 0.37-1.73

9-12 months2 0.47 0.19-1.13

IGF-I SDS3 1.06 0.78-1.45
CI: confidence interval. 1Adjusted for age, gender, gestational age, SES. 2Adjusted for age, gender, gestational age, SES, and 
gain in length SDS in the same period. 3Adjusted for age, gender, gestational age, SES, and IGF-BP3 SDS.
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There was no significant association of IGF-I SDS with any of the MetS components, also after 
adjustment for IGF-BP3 SDS. However, after additional adjustment for adult height SDS, we found 
a borderline significant positive association (OR: 2.013, 95%CI: 0.950-4.264, p-value: 0.068). In 
that model, adult height SDS itself was inversely associated with prevalence of increased fasting 
glucose levels (OR: 0.643, 95%CI: 0.427-0.967, p-value: 0.034).
 In Table 4, results from linear regression analyses are shown with additional metabolic 
parameters as dependent variables, namely C-reactive protein (CRP), insulin sensitivity (Si), trunk 
fat mass, total cholesterol, and LDLc. Lower birth weight SDS (16.8% lower Si, per SDS decrease, 
p=0.036) as well as accelerated gain in weight SDS in the first three months of life (21% lower 
Si, per SDS increase in weight gain, p=0.007), showed significant associations with lower insulin 
sensitivity at 21 years. There was no association of birth weight SDS with CRP, trunk fat mass, 
total cholesterol, or LDLc. 
 Accelerated gain in weight SDS in the first three months of life was associated with higher 
levels of CRP (30.9% higher CRP, per SDS increase in weight gain, p=0.009) and was borderline 
significantly associated with trunk fat mass (8.11% higher trunk fat mass, per SDS increase in 
weight gain, p=0.064), adjusted for gender, age, SES, and gestational age. IGF-I was not associated 
with any of the additional metabolic parameters. Additional adjustment for adult height SDS did 
not change the results. 

Discussion

In this study we investigated mechanisms involved in the reported association of small size at 
birth with metabolic syndrome (MetS) in later life. We studied associations of low birth weight, 
early life gain in weight for length, and adult serum levels of IGF-I, with components of MetS, 
prevalence of MetS (having three or more of the components), and several other metabolic 
parameters. Our results imply that gain in weight relative to length SDS in the first three months 
of life is the most important determinant of MetS, as that was associated with a higher number 
of MetS components at the age of 21 years, in contrast with birth weight SDS, weight gain during 
the other three-month periods in the first year of life, and adult IGF-I levels. Furthermore, gain 
in weight relative to length SDS in the first three months of life was associated with increased 
prevalence of MetS, higher prevalence of low HDLc, increased levels of CRP, and lower insulin 
sensitivity in early adulthood. 
 To our knowledge, this is the first study investigating the relationship of small size at birth, 
accelerated weight gain in early life, and adult IGF-I SDS with MetS and several other metabolic 
parameters in early adulthood. The association of small size at birth with MetS has been frequently 
described, but often postnatal weight gain and other factors associated with SGA birth, such as 
serum level of IGF-I, have not been taken into account. Beardsall et al. previously reported that 
postnatal weight gain from birth, rather than birth weight, was associated with risk factors for 
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metabolic diseases in childhood.24 Our study shows that more gain in weight than length SDS 
in the first three months of life is related to prevalence of the MetS and low birth weight SDS 
is not. Furthermore, low birth weight SDS was not related with any of the components of MetS 
and other metabolic parameters, except for an association with lower insulin sensitivity. This 
association is, however, possibly due to catch-up growth after being born small, as increased gain 
in weight for length from birth to three months of age, which often follows small size at birth, 
was also more strongly associated with decreased insulin sensitivity. We previously showed that 
subjects born small for gestational age with catch-up growth have lower insulin sensitivity which 
was not found in those without catch-up growth.25 
 Increased gain in weight for length from birth to three months of age was also associated with 
one of the components of MetS, namely with prevalence of decreased HDLc levels. Furthermore, it 
was associated with increased levels of CRP, which has been previously associated with both MetS 
and low HDLc.26 Our findings are in line with previous studies6,27 and suggest that an imbalance 
in neonatal gain in weight compared to length after birth should be avoided to reduce the risk 
for MetS in later life. Animal studies showed that early life catch-up in weight is associated with 
skeletal muscle insulin resistance and adipose tissue insulin hyperresponsiveness accompanied 
by suppressed thermogenesis.28-29 The authors hypothesized that this phenomenon exists for the 
purpose of sparing glucose in order to catch-up in fat, which might be the link between early life 
accelerated weight gain and risk for later MetS.28 

 The term metabolic syndrome refers to clustering of risk factors, being a pathophysiological 
condition underlying CVD and type 2 diabetes.30 Our study population consists of healthy 
young adults, and it was not possible to study hard endpoints such as CVD and type 2 diabetes. 
Therefore, we used MetS as an outcome variable. One limitation of this approach is the arbitrary 
character of the MetS definition and the subsequent possibility to miss critical information, which 
has been debated.30-31 We, therefore, decided to also study the components of MetS separately, 
and in addition to investigate CRP, insulin sensitivity, trunk fat mass, total cholesterol, and LDLc, 
which are also determinants of CVD.32-35

 Previous studies reported an association between IGF-I and components of the MetS.12,36-37 
We, however, did not find significant associations of adult IGF-I SDS with any of the components 
or prevalence of MetS. We also did not find a significant association between IGF-I and insulin 
sensitivity. It might, however, still be that lower IGF-I levels affect the risk for developing MetS, 
but that we could not prove this because the variation in IGF-I levels was not large enough in our 
study population of health young adults. Although we oversampled subjects with short stature, 
who are likely to have lower levels of IGF-I, we did not include subjects with known growth 
hormone deficiency. 
 Adults with short stature have a higher a priori chance of having a smaller waist circumference 
than normal statured subjects. The NCEP criteria of the MetS do not take this into account, 
as waist circumference is defined as one of the MetS components. Therefore, in the present 
study we also investigated associations of birth size, early weight gain and adult IGF-I with MetS 
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after adjustment for adult height SDS. Shorter stature was associated with a higher prevalence 
of increased fasting glucose levels, when adjusted for IGF-I and IGF-BP3. An explanation of 
this finding might be the adverse effect of low/subnormal growth hormone levels on glucose 
homeostasis,38-39 assuming that the subjects with short stature in our study population have 
lower levels of growth hormone than those with normal stature.
 In conclusion, our study indicates that the reported association of small size at birth with 
MetS in adulthood is mainly due to an increased gain in weight for length in the first three 
months after birth. Although our results show the importance of balanced weight gain during the 
early postnatal period, we recognize that there might be other critical windows later in childhood 
that remained unstudied in the present study. Our findings point to the need to investigate the 
optimal target of postnatal weight gain after birth in all infants, regardless whether they are born 
SGA or AGA. 
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Abstract

Background: Small birth size, either due to prematurity or fetal growth restriction, has been 
associated with increased risk for atherosclerosis in later life. There are many biomarkers known 
to date which relate to preclinical stages of atherosclerosis, such as acute-phase proteins, pro-
inflammatory cytokines, and lipoproteins.

Objective: To investigate associations between small birth size, prematurity, adult body size and 
a broad range of biomarkers related to early stage atherosclerosis

Methods: In 474 healthy participants of the PREMS/PROGRAM study, 18-24 years of age, we 
determined serum levels of high-sensitivity C-reactive protein (hsCRP), monocyte chemotactic 
protein-1 (MCP-1), interleukin-8 (IL-8), soluble vascular adhesion molecule 1 (sVCAM-1), soluble 
intracellular adhesion molecule (sICAM-1), and several lipoproteins. Principal component 
analysis was applied to identify combinations of biomarkers and their component-scores. 
Regression analysis was used to study the effect of birth size, gestational age, and adult body size 
on the principal components. Also, the effect of components on insulin sensitivity, systolic blood 
pressure and carotid intima media thickness was investigated.

Results: Three principal components of biomarkers were identified. Birth size and gestational 
age, were not associated with any of the components. Adult fat mass was positively associated 
with component Adverse Lipids and hsCRP, and component Inflammatory Markers, but not 
associated with component HDLc and ApoA1. Short stature was associated with higher scores 
for component Adverse Lipids and hsCRP.

Conclusion: Higher fat mass and short stature in early adulthood are independently associated 
with combined biomarkers related to early stage atherosclerosis, also after adjustment for 
confounders, whereas small birth size and prematurity are not.
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Introduction

Low birth weight has been associated with risk factors for cardiovascular diseases (CVD) in 
later life.1-2 Furthermore, several studies demonstrated that subsequent catch-up in weight 
for height is an important independent determinant of CVD-risk.3-6 So far, many determinants 
of CVD have been studied in relation to small for gestational age (SGA) birth and accelerated 
weight gain during childhood, but the relationship with a broad range of biomarkers related to 
atherosclerosis, including inflammatory markers, remains to be elucidated. 
 The role of inflammation in preclinical as well as advanced stages of atherosclerosis has been 
widely acknowledged.7 There are many markers of inflammation known to date. Because of the 
young age of our study population, we focused on biomarkers which relate to preclinical stages 
of atherosclerosis, such as acute-phase proteins, pro-inflammatory cytokines, and lipoproteins, 
namely: high sensitivity C-reactive protein (hsCRP), monocyte chemotactic protein-1 (MCP-1), 
interleukin-8 (IL-8), soluble vascular adhesion molecule 1 (sVCAM-1), soluble intracellular 
adhesion molecule 1 (sICAM-1), high-density lipoprotein (HDLc), low-density lipoprotein (LDLc), 
apolipoprotein B (ApoB), apolipoprotein A1 (ApoA1), and triglycerides (TG).8-12 
 CRP is an important predictor of future atherosclerotic events, also without prior CVD.9 MCP-1 
and IL-8 are pro-inflammatory chemo-attractant proteins (chemokines) which cause recruitment 
of leukocytes to the arterial endothelium,10-11 while VCAM-1 and ICAM-1 are pro-inflammatory 
adhesion molecules which cause adhesion of leukocytes to the arterial endothelium.12 
 We hypothesized that adult body size, specifically adult weight SDS adjusted for height 
SDS, rather than small birth size (either due to SGA- or preterm birth), is associated with serum 
biomarkers of early stage atherosclerosis in young adulthood. We first identified combinations of 
biomarkers, using principal component analysis as it might well be that combinations of certain 
parameters tell more about the risk of developing CVD by reflecting a risk profile, than separate 
serum levels of biomarkers.13 Subsequently, we tested our hypotheses by investigating the 
effect of birth size, gestational age, and adult size on the principal components, using multiple 
regression analysis with the component scores as dependent variable. Also, the effect of the 
components on insulin sensitivity, systolic blood pressure, and carotid intima media thickness 
(cIMT) was investigated. 
 In addition, we evaluated differences in component scores between three clinically relevant 
subgroups of young adults, born small for gestational age with either short adult height (SGA-S), 
or normal adult height (SGA-CU), or born appropriate for gestational age (AGA) with normal 
adult height (controls). 
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Methods

Subjects
The study population consists of 492 healthy participants, 18 to 24 years of age (PROGRAM/
PREMS study cohort). All participants had similar in- and exclusion criteria, visiting centre and 
measurements, and were recruited from the same source-population, but participants from 
the PROGRAM study were born term whereas those from the PREMS study were born preterm 
(gestational age <36 weeks). Participants who were registered in one of several hospitals because 
of their small size at birth (SGA with a birth length <-2 SDS or being born preterm), or short 
adult stature (adult height <-2 SDS), were randomly selected for this study. In addition, by using 
advertisement at several schools with different educational levels, healthy AGA subjects born 
term were asked to participate. The participation rate of the PROGRAM/PREMS study cohort 
was 79.5%. All participants fulfilled the same inclusion criteria: 1) age 18-24 yr; 2) born singleton, 
3) Caucasian; 4) uncomplicated neonatal period. The study population has been described 
previously in detail.6,14 Additionally to the total group analyses, the subjects were assigned to 
one of three subgroups based on SD-scores of birth length and adult height. In order to increase 
the statistical power for subgroup comparison by increasing the contrast in birth size and adult 
height between the subgroups, the cut-off-values for small birth size and short adult height were 
set at <-2 SDS, and the cut-off-values for normal birth size and normal adult height were set at >-1 
SDS. This resulted in a total of 286 participants who were included in one of the three subgroups: 

 − Subjects born SGA (birth length <-2 SDS) with a short adult height (<-2 SDS) (SGA-S): n=50 (of 
whom n=9 had a gestational age <36 weeks),

 − Subjects born SGA (birth length <-2 SDS) with catch-up growth resulting in a normal adult 
height (>-1 SDS) (SGA-CU): n=92 (of whom 34 had a gestational age <36 weeks),

 − Subjects born AGA (birth length >-1 SDS) with a normal adult height (>-1 SDS) (controls): 
n=144 (of whom 64 had a gestational age <36 weeks).

Measurements
Participants were invited to visit Erasmus University Medical Centre. Prior to the visit, participants 
fasted for at least 12 hours and abstained from smoking and alcohol for at least 16 hours. Height 
was measured to the nearest 0.1 cm (Harpenden stadiometer), weight to the nearest 0.1 kg 
(Servo Balance KA-20-150S). All anthropometric measurements were performed twice; the 
mean value was used for analysis. Lean body mass and fat mass were measured on one Dual-
Energy X-ray Absorptiometry (DXA) machine (Lunar Prodigy, GE Healthcare, Chalfon St Giles, 
England). A frequent sampled intravenous glucose tolerance (FSIGT) test with Tolbutamide was 
performed,15 and insulin sensitivity was determined by the Bergman’s minimal model (MINMOD 
6.01, copyright R.N. Bergman). Brachial blood pressure was measured after 10 minutes of rest, 
in the supine position, using the nondominant arm with an automatic device (Accutorr Plus, 
Datascope Corp., Montvale NJ, USA)16 every five minutes for one hour and the mean value of 
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these 13 measurements was taken to reflect resting blood pressure. A standard cuff size was 
used unless a large cuff was necessary. Carotid intima media thickness (cIMT) was measured 
in supine position by recording of ultrasonographic images of both left and right carotid artery, 
using one 7.5 MHz linear array transducer (ATL Ultramark IV, Advanced Tech. Laboratories, Bethel 
Washington, USA).17

Assays
After centrifugation, all blood samples were kept frozen until assayed (-80 C). All inflammatory 
markers were analyzed in the same laboratory. Serum levels of MCP-1, IL-8, sVCAM-1 and 
sICAM-1 were measured using Cytometric Bead Array kits (eBioscience, USA) according to the 
manufacturer’s protocol. For hsCRP an in-house high-sensitivity ELISA with polyclonal rat CRP 
antibodies for catching and tagging (DAKO, Denmark) was used. Fasting levels of total cholesterol 
(TC), triglycerides (TG), and HDLc were measured. LDLc was calculated using the Friedewald 
formula: LDLc = TC-HDLc-0.45xTG. TC and TG were measured using an automated enzymatic 
method with the CHOD-PAP reagent kit and with the GPO-PAP reagent kit, respectively (Roche 
Diagnostics, Mannheim, Germany). HDLc was measured using a homogenous enzymatic 
colorimetric assay (Roche Diagnostics). 

Statistical analysis
Standard deviation scores for birth length and birth weight were calculated using the Growth 
Analyser program (http://www.growthanalyser.org), in order to correct for gestational age.18 SD-
scores for adult height, and adult weight were calculated to correct for age and gender.19 Because 
of statistical collinearity of birth length SDS and birth weight SDS (r=0.78), that pair of variables 
was combined as one variable: of both birth length SDS and birth weight SDS, the one with the 
lowest SDS was used in analyses (called ‘birth size SDS’). 
 To identify combinations of biomarkers we performed principal component analysis (PCA) 
on metric data. The principal components with eigenvalues (the variance in all variables which is 
accounted for by that component) greater than 1.0 were retained.20 Varimax rotation was used for 
sake of interpretation. Varimax rotation is orthogonal, thus the components were uncorrelated. 
Component scores were calculated for each component (three scores for each participant) to 
use in multiple regression analyses and subgroup comparisons. Component loadings >0.40 and 
<-0.40 were considered to characterize components. Components were given names based on 
the variables characterizing them. 
 Multiple regression (MR) analysis was performed in the total study population (n=474) to 
determine associations of birth size SDS, gestational age, adult weight SDS, and adult height SDS 
with the principal components to be identified. Additionally, all analyses were performed after 
exclusion of the participants of the PREMS cohort, to investigate if oversampling of subjects born 
preterm might affect the results. Because results were similar, all analyses reported in this paper 
include both cohorts. All MR models and adjusted subgroup comparisons were corrected for the 
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duration of storage of the samples until determination of MCP-1, IL-8, sVCAM-1 and sICAM-1. 
Additionally, all MR models were adjusted for age, gender, gestational age, oral contraceptive 
use (OC-use), and smoking (Model 1). The MR model with the component including HDLc and 
ApoA1 as dependent variable was additionally adjusted for alcohol use. Next, adult weight SDS 
was added to the model (Model 2). Finally, adult weight SDS was replaced by fat mass (kg) and 
lean body mass (kg) (Model 3). MR analysis was also performed to investigate the associations 
between the principal components and insulin sensitivity (295 participants), systolic blood 
pressure (381 participants), and carotid itima media thickness (cIMT) (392 participants).
 ANOVA was used to determine unadjusted differences between subgroups, with regard 
to the group characteristics. Bonferroni correction was used for pair-wise group comparisons. 
Mann-Whitney U was used to test unadjusted differences between subgroups with regard to the 
inflammatory markers, lipid levels, insulin sensitivity, systolic blood pressure, and cIMT because 
of a non-normal distribution. Adjusted subgroup comparisons were performed by calculating the 
estimated marginal means (EMM) of the component scores, with adjustments for the covariates 
with a p-value below 0.10 resulting from the MR analyses. 
 Statistical package SPSS version 17.0 (SPSS, Inc., Chicago, IL) was used for analyses. Results 
were regarded statistically significant if p was <0.05 (two-tailed). 

Results

The clinical characteristics and levels of biomarkers of the total study population are shown in 
Table 1. The mean age (standard deviation) was 20.8 (1.7) years. The correlation matrix of the 
parameters entered in principal component analysis (PCA) is shown in the supplement (S1).

Principal Component Analysis (PCA)
PCA was performed and resulted in three principal components (Table 2, S2). The first was 
characterized by ApoB, LDLc, TG, and hsCRP (in the following text referred to as component 
Adverse Lipids and hsCRP). The second was characterized by HDLc and ApoA1 (referred to as 
component HDLc and ApoA1). The third was characterized by MCP-1, sICAM-1, IL-8, and sVCAM-1 
(referred to as component Inflammatory Markers). 
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Table 1. Clinical characteristics and inflammatory parameters of the total group and comparison 
between subgroups

Total group 
(n=474)

SGA-S  
(n=50)

SGA-CU 
(n=92)

Controls  
(n=144)

Age (yr)1,3 20.8(1.7) 20.9(1.8) 20.8(1.7) 20.8(1,7)

Male/Female 203/271 18/32 37/55 68/76

Birth length SDS1,3 -1.27(1.7) -3.04(0.88)* -2.97(0.81)* 0.21(0.8)

Birth weight SDS1,3 -0.83(1.66) -2.08(0.92)* -2.29(0.86)* 0.29(1.24)

Gestational age (wks)1,3 36.8(3.79) 38.2(3.15)‡§ 36.0(3.36) 36.3(4.11)

Adult height SDS1,3 -0.65(1.35) -2.56(0.54)*† -0.13(0.68)§ 0.19(0.8)

Adult weight SDS1,3 -0.34(1.42) -1.39(1.49)*† -0.00(1.19) 0.18(0.96)

Smoking (%) 28.0 26.0 29.2 24.3

OC-use (% females) 74.2 75.0 72.7 71.1

Alcohol use (%) 78.1 78.0 76.4 81.9

Fat mass (kg)1,3 16.1(9.1) 16.1(8.5) 17.8(10.3) 17.0(9.5)

LBM (kg)1,3 46.3(9.9) 39.0(7.7)*‡ 47.9(9.8) 50.8(9.6)

LDLc (pg/ml)2 2.58(2.11-3.08) 3.12(2.45-3.66)*† 2.52(2.13-3.06) 2.52(2.13-2.84)

ApoB (g/l)2 0.80(0.67-0.93) 0.91(0.72-1.06)*|| 0.80(0.68-0.94) 0.77(0.66-0.90)

TG (mmol/l)2 0.86(0.66-1.22) 0.85(0.68-1.17) 0.91(0.71-1.32) 0.85(0.66-1.20)

HDLc (mmol/l)2 1.34(1.13-1.57) 1.29(1.17-1.46) 1.33(1.11-1.56) 1.39(1.17-1.61)

ApoA1 (g/l)2 1.32(1.20-1.47) 1.27(1.18-1.48) 1.29(1.20-1.50) 1.32(1.20-1.46)

hsCRP (mg/l)2 1.43(0.42-4.09) 1.16(0.35-2.73) 1.85(0.66-5.24) 1.30(0.41-3.83)

MCP-1 (pg/ml)2 331.5(282.2-398.2) 322.0(260.5-400.5) 328.8(279.8-402.0) 336.9(289.7-417.0)

IL-8 (ng/ml)2 125.3(54.9-180.1) 93.2(32.5-178.4) 133.7(60.7 -188.4) 133.7(68.2-173.4)

sICAM-1 (ng/ml)2 383.5(300.6-535.5) 459.7(288.2-759.3) 389.0(326.4- 509.7) 391.8(316.7-576.1)

sVCAM-1 (ng/ml)2 1090.9(867.0-1320) 974.5(713.3-1244)§|| 1105.0(932.8-1256) 1143.0(913.4-1385)

Si *10-4/min (μU/ml)2 6.25(3.85-10.02) 5.93(3.93-10.35) 5.05(3.18-9.09)# 7.03(4.69-10.64)

Systolic blood pressure 
(mmHg)2 110.3(105.2-116.2) 107.5(103.8-113.1)‡# 112.5(108.0-117.8) 111.6(105.7-117.1)

cIMT (mm)2 0.52(0.48-0.55) 0.51(0.47-0.54) 0.53(0.49-0.56) 0.52(0.48-0.55)

Component scores

Adverse Lipids / hsCRP1,3 ‒ 0.33(0.97)§ 0.10(1.00) -0.14(0.87)

HDLc / ApoA11,3 ‒ -0.09(0.92) -0.05(1.04) 0.08(1.01)

Inflammatory Markers1,3 ‒ -0.10(0.95) 0.09(0.86) 0.15(0.82)
1 Mean (standard deviation) is shown, 2 Median (inter quartile range) is shown, 3 Bonferroni corrected
*p<0.001 compared with controls, †p<0.001 compared with SGA-CU, ‡p<0.01 compared with SGA-CU, §p<0.01 compared 
with controls, ||p<0.05 compared with SGA-CU, #p<0.05 compared with controls
Si: insulin sensitivity, cIMT: carotid intima media thickness
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Table 2. Component loadings defining combinations of biomarkers, results of principal component 
analysis in the total group

Components

Adverse Lipids and hsCRP HDLc and ApoA1 Inflammatory Markers

ApoB 0.942 0.015 0.032

LDLc 0.871 -0.054 -0.054

TG 0.640 -0.051 0.118

hsCRP 0.410 0.178 0.097

HDLc -0.070 0.930 -0.006

ApoA1 0.126 0.919 0.050

MCP-1 0.089 0.053 0.664

sICAM-1 0.165 0.113 0.644

IL-8 0.038 -0.041 0.563

sVCAM-1 -0.376 -0.086 0.498

% of variance 24.5 17.7 14.2

All variables have been log transformed (natural logarithm) for PCA; Component loadings >0.40 and <-0.40 are bolded, these 
variables are considered to characterize components.

Total study population
Table 3 shows the final multiple regression Model 3 with the three components as dependent 
variables. Details of Models 1 and 2 are shown in the supplement (S3). 
 
Table 3. Regression analysis (final model 3) for three principal components in the total study population

Adverse Lipids and hsCRP HDLc and ApoA1 Inflammatory Markers

β p-value β p-value β p-value

Age 0.043 0.091 0.078 0.003 0.050 0.058

Gender 0.175 0.413 0.215 0.326 -0.030 0.893

Birth size SDS* -0.042 0.139 0.051 0.079 -0.046 0.114

Gestational age (wks) 0.005 0.738 0.010 0.542 0.007 0.663

Adult height SDS -0.125 0.009 0.085 0.081 0.085 0.082

OC-use 0.744 <0.001 0.259 0.055 -0.012 0.930

Smoking 0.159 0.095 -0.193 0.047 0.193 0.049

Alcohol use 0.276 0.010

Fat mass (kg) 0.026 <0.001 -0.008 0.125 0.012 0.020

LBM (kg) 0.016 0.109 -0.027 0.008 0.012 0.251

Adj. R2 0.267 0.225 0.205
Adjusted for and the storage duration of the samples; OC-use= oral contraceptive use, LBM= Lean body mass, Gender: 
male=1, female=2; β= unstandardized regression coefficients, One column represents one model; *The lowest of birth 
weight SDS or birth length SDS; Adverse Lipids: LDLc, ApoB, TG; Inflammatory markers: MCP-1, sICAM-1, IL-8, sVCAM-1
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There was no association of birth length SDS, birth weight SDS or gestational age with any of the 
components.
 In the multiple regression analysis with component Adverse Lipids and hsCRP as dependent 
variable, adult height SDS showed an inverse association. Furthermore, fat mass and OC-use 
showed positive associations with component Adverse Lipids and hsCRP. 
 There was no significant association of component HDLc and ApoA1 with adult height SDS 
or fat mass, but an inverse association with lean body mass. Also, component HDLc and ApoA1 
showed positive associations with age, OC-use, and alcohol use, and an inverse association with 
smoking.
 In the final model, there was no association of adult height SDS with component Inflammatory 
Markers. However, the component was positively associated with fat mass. Furthermore, a 
positive association was found with smoking.

Other determinants of cardiovascular diseases
To determine which of the components was associated with other determinants of CVD, we 
assessed associations of the components with insulin sensitivity, systolic blood pressure, and 
cIMT, using MR analysis (Table 4). The components Adverse Lipids and hsCRP and Inflammatory 
Markers were both inversely related to insulin sensitivity. The association of Inflammatory 
Markers with insulin sensitivity, however, disappeared after correction for adult body size in 
model 2, while the significant effect of Adverse Lipids and hsCRP remained. Component HDLc 
and ApoA1 had a positive association with insulin sensitivity. 
 The component Adverse Lipids and hsCRP was positively associated with systolic blood 
pressure, but this association disappeared after correction for adult body size measures. There 
was no effect of any of the components on cIMT at this young age. 

Subgroup comparisons 
The clinical characteristics and levels of biomarkers of the subgroups are shown in Table 1. 
Figure 1A shows comparisons between the subgroups with regard to the three components, 
after adjustments. In Figure 1B we additionally adjusted for adult height SDS to investigate 
whether the differences between subgroups might be ascribed to their stature. SGA-S subjects 
had higher adjusted scores for component Adverse Lipids and hsCRP than controls (Figure 1A, 
p-value=0.026). However, after adjustment for adult height SDS, the difference in component 
Adverse Lipids and hsCRP between SGA-S subjects and controls disappeared (Figure 1B). There 
were no significant differences between the subgroups in scores for components HDLc andApoA1 
and Inflammatory Markers (Figure 1A+B). 
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Table 4. Effect of the principal components of biomarkers on other determinants of cardiovascular 
diseases

Component

Insulin sensitivity1 Systolic blood pressure1 cIMT1*

Model 1 Model 2 Model 1 Model 2 Model 1 Model 2*

B p-value B p-value B p-value B p-value B p-value B p-value

Adverse Lipids and 
hsCRP -0.227 <0.001 -0.100 0.013  0.008 0.046  0.000 0.951  0.006 0.328  0.003 0.528

HDLc and ApoA1  0.138  0.003  0.086 0.033 -0.002 0.715  0.004 0.334 -0.006 0.352 -0.005 0.419

Inflammatory 
Markers -0.091  0.024 -0.038 0.279  0.005 0.353 -0.002 0.697 -0.004 0.541 -0.004 0.541

1log transformed; Model 1: adjusted for age, gender, gestational age, Oc-use, smoking, and in the case of ApoA1 / HDLc 
analyses also alcohol use 
Model 2: additionally adjusted for adult height SDS, fat mass (kg), and lean body mass (kg); * Additionally adjusted for artery 
diameter, and systolic blood pressure; Insulin sensitivity was determined in 295 participants, cIMT was determined in 392 
participants, systolic blood pressure determined in 381 participants
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A 

Adverse Lipids and hsCRP1 HDLc and ApoA12 Inflammatory Markers3

*

Figure 1. Adjusted mean component scores and differences between subgroups
Component scores are displayed as means (standard error); A. Adjusted for gender, age, smoking, and 1OC-use, percentage 
fat mass, 2OC-use, alcohol use, percentage lean body mass, 3percentage fat mass; B. Additionally adjusted for adult height 
SDS; * p=0.026 compared with controls



Chapter

5

89Birth size, adult body size and CVD risk | 

Discussion

In this study we investigated the effect of small birth size (either due to SGA birth or low 
gestational age) and adult body size on serum biomarkers related to CVD-risk in young adulthood. 
By performing PCA, we distinguished three combinations of biomarkers known to be associated 
with early stage atherosclerosis. The first component included ApoB, LDLc, TG, and hsCRP 
(component Adverse Lipids and hsCRP), the second included HDLc and ApoA1 (component HDLc 
and ApoA1), and the third included the chemokines and adhesion molecules MCP-1, sICAM-1, 
IL-8, and sVCAM-1 (component Inflammatory Markers). Our results showed no association of 
birth size, and gestational age with these three components. Fat mass was, however, positively 
associated with components Adverse Lipids and hsCRP and Inflammatory Markers. Furthermore, 
short stature was associated with higher scores for component Adverse Lipids and hsCRP.
 To our knowledge, we are the first to investigate the relationship of small birth size with 
combinations of biomarkers for CVD-risk by performing PCA, a method used to study combined 
parameters.21-23 Recently, Bhuiyan et al. reported decreasing hsCRP levels across quartiles of 
increasing birth weight.24 Other studies also showed an inverse association between birth weight 
and hsCRP,25-26 and in adult rats an association was found between early undernutrition (resulting 
in intrauterine growth retardation) and increasing basal inflammation.27 Our study shows that 
hsCRP forms a combination with lipoproteins (LDLc, ApoB, TG). The component Adverse Lipids 
and hsCRP was, however, not associated with birth weight SDS and birth length SDS. The 
differences in results might be explained by the fact that the reported association between 
birth weight and hsCRP was not adjusted for adult height, which in our study proved to be an 
important confounder in this association.
 Adult weight SDS was an important determinant of each component, being positively 
associated with Adverse Lipids and hsCRP, and Inflammatory Markers, and inversely associated 
with HDLc and ApoA1. This is in line with previous research.28-29 We were also able to specify 
adult weight in fat mass and lean body mass, by using DXA measurements. Higher fat mass was 
associated with increased component scores for Adverse Lipids and hsCRP, and Inflammatory 
Markers, also after adjustment for adult height SDS. Thus, increased fat mass is associated with 
increased cardiovascular risk, already in young adulthood.30

 Multiple regression analyses also showed significant positive associations of age and 
smoking with combinations of cardiovascular risk biomarkers, which is in agreement with other 
studies.28-29,31 In addition, oral contraceptive (OC) use was positively associated with Adverse 
Lipids and hsCRP. This is in line with previous findings of increased hsCRP levels and adverse lipid 
profile in OC-users.32-35 
 Adult height SDS was inversely associated with Adverse Lipids and hsCRP and had a trend 
towards a positive association with Inflammatory Markers. Up until now, the association of adult 
height with lipoprotein levels and inflammatory determinants of atherosclerosis has not been 
thoroughly investigated. Previously, researchers studied the effect of BMI on various lipoproteins 
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and inflammatory markers,26,36 but not the independent effects of adult weight SDS and height 
SDS on a combination of markers. It has been suggested that restricted diet and infectious 
disease could generate suboptimal growth in childhood as well as higher risk for CVD in later life, 
via increased inflammatory markers.37 
 Our study shows that higher scores for Adverse Lipids and hsCRP were associated with lower 
insulin sensitivity, also after correction for confounders including fat mass, while HDLc and ApoA1 
had a positive effect on insulin sensitivity. This is in line with previous studies,38-39 and confirms 
that component Adverse Lipids and hsCRP has adverse effects on health risk and that component 
HDLc and ApoA1 has protective effects. We previously demonstrated an association of adult body 
size with insulin sensitivity in our study population, whereas there was no significant association 
of small size at birth or preterm birth with insulin sensitivity.14,40 
 The component Inflammatory Markers also showed an inverse association with insulin 
sensitivity, but this association disappeared after correction for adult height, fat mass and lean 
body mass. After adjustments there was no association of any of the components with systolic 
blood pressure and cIMT. Because of the young age of our study population it might however be 
that the latter association will be revealed at an older age. 
 To interpret our results for clinical practice, we divided the total study population into three 
subgroups. The component scores of Adverse Lipids and hsCRP were significantly higher in young 
adults born SGA with a short stature than in controls, also after adjustment for confounders 
including fat mass. This difference disappeared after additional correction for adult height SDS, 
indicating that the higher scores in SGA-S subjects are unlikely due to their being born SGA, but 
are rather due to their short stature. The effect of short stature on Adverse Lipids and hsCRP is in 
agreement with a previous report showing that short stature is associated with increased risk of 
cardiovascular disease.41 That twin-study also showed that a genetic factor might be underlying. 
 We previously demonstrated an inverse association of adult height SDS with fat mass,3 
and we demonstrated that higher fat mass in early adulthood leads to higher blood pressure 
and cIMT.30 Our research warrants future prospective studies investigating causal pathways of 
atherosclerosis in subjects with short stature, including genetic factors, fat mass, adverse lipids 
and hsCRP.
 We introduce PCA to study the association of small size at birth and adult body size with a 
broad range of serum biomarkers associated with early stage atherosclerosis. In a public health 
perspective, our data indicate that small birth size is not associated with increased biomarkers of 
atherosclerosis risk in young adulthood. Adult body size, however, has a significant association 
with the components identified in the present study, with increased adult weight SDS having an 
adverse effect via increased fat mass. Because the prevalence of fat accumulation in childhood 
and adulthood is increasing rapidly, this is likely to induce future public health problems. The 
association of short stature with biomarkers of atherosclerosis is more complex, as adult height 
SDS was inversely associated with component Adverse Lipids and hsCRP but tended to a positive 
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association with component Inflammatory Markers. These findings were confirmed in subgroup 
comparisons and warrant further research in subjects with short stature.
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S2. Spearman correlation analyses of DM2 risk factors in early adulthood

hsCRP MCP-1 IL-8 sVCAM-1 sICAM-1 HDLc LDLc ApoB ApoA1 TG

hsCRP -0.022 0.031 -0.089 0.172* 0.035 0.171* 0.318* 0.207* 0.246*

MCP-1 0.191* 0.211* 0.223* -0.079 0.096* 0.095* -0.009 0.051

IL-8 0.214* 0.133* 0.026 0.002 0.006 0.028 0.014

sVCAM-1 0.175* -0.080 -0.189* -0.188* -0.010 -0.140*

sICAM-1 0.033 0.050 0.137* 0.120* 0.107*

HDLc -0.028 -0.010 0.704* -0.150*

LDLc 0.893* 0.055 0.303*

ApoB 0.160* 0.462*

ApoA1 0.113*

TG

*p<0.05; hsCRP: high sensitive C-reactive protein, MCP-1: monocyte chomotactic protein, IL-8: interleukin-8, sVCAM-1: 
soluble vascular adhesion molecule 1sICAM-I: soluble intracellular adhesion molecule 1, HDLc: high density lipoprotein, 
LDLc: low density lipoprotein, ApoB: apolipoprotein, ApoA1:apoliporotein A1, TG: triglycerides.
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Abstract

Accelerated early life weight gain has been associated with individual risk factors for type 2 
diabetes. The pathophysiology of type 2 diabetes is complex and comprises a wide spectrum of 
risk factors. Our objective was to identify combinations of known risk factors in early adulthood 
preceding type 2 diabetes, and to investigate associations of early growth trajectories with the 
identified combinations of risk factors.
 Our study consists of 217 participants, aged 21 years. We identified four combinations 
(principal components) of type 2 diabetes risk factors by using Principal Component Analysis. 
Gain in weight for length in the first three months of life was positively associated with the 
component characterized by insulin resistance, acute insulin response, and serum levels of 
C-reactive protein and triglycerides. Furthermore, subjects with catch-up in weight in the first 
year of life had higher adjusted scores for that component than those without catch-up growth, 
also after additional adjustment for birth weight SDS. There were no significant associations of 
early weight gain with any of the other components.
 In conclusion, accelerated gain in weight compared to length in the first three months of life 
should be avoided to reduce the risk for type 2 diabetes in later life. 
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Introduction

The prevalence of type 2 diabetes is rapidly increasing, not only in the elderly, but also at younger 
ages.1 It is therefore of major public health importance to identify prevention targets to reduce 
development of type 2 diabetes in early adulthood.
 One of the theories on the development of type 2 diabetes comprises the common soil 
hypothesis, which states that type 2 diabetes and cardiovascular disease (CVD) have common 
genetic and environmental antecedents, rather than atherosclerosis being a complication of 
diabetes.2 That implies that prevention targets of CVD and type 2 diabetes are similar. The role 
of early life growth trajectories in development of CVD has been acknowledged, but its role in 
development of type 2 diabetes remains controversial.3-4 
 We reported an association of accelerated weight gain in the first three months of life 
with decreased insulin sensitivity in young adulthood.5 However, the pathophysiology of type 
2 diabetes is complex and comprises a wide spectrum of parameters and risk factors,1 and it 
remained difficult to investigate several risk factors of type 2 diabetes simultaneously. Principal 
Component Analysis (PCA) is a multivariate correlation technique that enables solving this 
issue by reducing a large number of intercorrelated variables to a smaller set of independent 
components.6-7 Thus, it enables investigating combinations of known risk factors of type 2 
diabetes. Several publications have reported PCA of metabolic syndrome variables,7-11 but only a 
limited number has focused on specific risk factors of type 2 diabetes.12-13 We use PCA as a novel 
approach to investigate early origins of type 2 diabetes. 
 The objective of this study was to identify combinations of known risk factors in early 
adulthood preceding type 2 diabetes,14-17 using PCA. Subsequently, we studied associations of 
early life growth trajectories with the identified principal components, in order to determine 
whether growth in early life could be a prevention target to reduce development of type 2 
diabetes in early adulthood.
 In our study population of healthy young adults, many parameters were measured to 
determine type 2 diabetes risk status, including frequently sampled intravenous glucose 
tolerance (FSIGT)-tests (insulin resistance (IR), acute insulin response (AIR), disposition index 
(DI)), and fasting glucose. Furthermore, body composition by dual-energy X-ray absorptiometry, 
and serum levels of several known predictors of type 2 diabetes, such as lipid levels, C-reactive 
protein (CRP), and adiponectin, were determined.
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Methods

Subjects
The study population consists of 217 young adults of the PROGRAM study cohort, 18 to 24 years 
of age, of whom data of first year growth were available. Participants, who were registered in 
several hospitals because of their small size at birth (birth length <-2 SDS), were randomly selected 
for this study. In addition, young adults with short stature were included. Healthy young adults 
(neither small at birth nor having short adult stature) from schools with different educational 
levels were also asked to participate by using advertisement. This design was purposely chosen 
because it increased the contrast in growth patterns and thus the statistical power to find a 
relationship between early growth patterns and risk factors of type 2 diabetes. 
 Figure 1 shows how many young adults were invited and how many were included in the 
study. The participation rate was 84.1%. Only whites born singleton at 36 weeks of gestation 
or longer were invited to participate to exclude a potential influence of ethnicity, parity, and 
prematurity. All included young adults had an uncomplicated neonatal period without severe 
asphyxia (defined as an Apgar score below three after five minutes) and did not have sepsis 
or long-term complications of respiratory ventilation, such as bronchopulmonary dysplasia. 
Individuals were excluded if they 1) had any serious condition or disorder, 2) were receiving 
any treatment known to interfere with growth (e.g. growth hormone deficiency, severe chronic 
illness, emotional deprivation, growth hormone treatment, treatment with glucocorticosteroids, 
radiotherapy), or 3) had endocrine or metabolic disorders, chromosomal defects, syndromes, 
or serious dysmorphic symptoms suggestive of a yet unknown syndrome. Of the 323 study 
participants in the PROGRAM study, data on first-year growth were available for 217 young 
adults. Weight and length at birth, 3, 6, 9, and 12 months had been prospectively measured at 
primary health care centers or hospitals. Growth data were collected during the study period 
between August 2004 and September 2007 from the records. Some centers and hospitals did not 
store records for 25 years, therefore early growth data were missing for 106 young adults. Due to 
logistical reasons, FSIGT tests were not performed from 2006 to 2007, and of the 217 participants 
with early growth data, complete data on type 2 diabetes risk factors for PCA was available 
for 86 participants. Data on educational level were obtained using questionnaires to determine 
socioeconomic status (SES). The Medical Ethics Committee of Erasmus Medical Center approved 
the study. Written informed consent was obtained from all participants. 

Measurements
Participants were invited to visit Erasmus Medical Center and were reimbursed for travel 
expenses. Prior to the taking of measurements, participants fasted for 12 hours and abstained 
from smoking and drinking alcohol for 16 hours. All anthropometric measurements were 
performed twice and the mean value was used for the analysis.
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Fat mass and trunk fat mass were measured on one Dual-Energy X-ray Absorptiometry (DXA) 
machine (Lunar Prodigy, GE Healthcare, Chalfont St Giles, England). Insulin sensitivity index and 
acute insulin response to glucose were determined using the Bergman minimal model (MINMOD 
Millennium version 6.01, MINMOD Inc, Los Angeles, California), which calculated the paired 
glucose and insulin data obtained by frequent measurements during and intravenous glucose 
tolerance test with Tolbutamide. 

384 Young adults invited to par�cipate

323 Young adults in total study popula�on

217 Par�cipants with growth data

86 Par�cipants with complete data on DM2 risk factors

61 Unwilling to par�cipate

106 Unable to retrieve first-year growth data

131 No FSIGT test or DXA scan performed *

34 Had first year weight gain >0.67 SDS 52 Had first year weight gain ≤0.67 SDS 

Figure 1. PROGRAM-study flow chart
* Randomly, due to logistical reasons

Laboratory Methods
Plasma glucose levels were determined on a VITROS analyzer 750 (Ortho-Clinical Diagnostics, 
Johnson & Johnson Company, Beerse, Belgium) and plasma insulin levels were measured using 
an immunoradiometric assay (Medgenix Diagnositcs, Fluenes, Belgium). Triglycerides were 
measured using an enzymetric colometric method (WAKO Chemicals), and automated enzymetic 
method, with the GPO-PAP reagent kit (Roche Diagnostics). High-density lipoprotein cholesterol 
level (HDLc) was measured using a homogeneous enzymatric colorimetric assay (Roche 
Diagnostics). LDL cholesterol (LDLc) was calculated using the Friedewald formula: LDL cholesterol 
(mmol/L)=total cholesterol-HDLc-0.45xTG. Apolipoprotein A-I (ApoA1) and apolipoprotein B 
(ApoB) were determined by rate nephelometry on the Image Immunochemistry System according 
to manufacturer instructions (Beckman Coulter). For C-reactive protein (CRP) an in-house high-
sensitivity ELISA with polyclonal rat CRP antibodies for catching and tagging (DAKO, Denmark) 
was used. Serum adiponectin levels were assayed using ELISA (R&D Systems Inc., Minneapolis, 
MN), in duplicate and the mean of those two measures used for analysis. 
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Statistical Analysis
The standard deviation (SD) scores for birth length, birth weight, and first-year growth were 
calculated to correct for gestational age and sex.18 The SD-scores for adult height and adult 
weight were calculated to correct for sex and age.19 All SD-scores were calculated using the 
growth analyser program (http://www.growthanalyser.org). 
 Spearman correlations were determined to estimate intercorrelations of type 2 diabetes 
risk factors. To identify combinations of type 2 diabetes risk factors, we performed Principal 
Component Analysis (PCA) on metric data.6 Not-normally distributed parameters were log-
transformed (natural logarithm) before added in the PCA. This applied to LDLc, ApoB, CRP, acute 
insulin response, insulin resistance, triglyceride, HDLc, fasting glucose, Waist/Hip ratio, and 
adiponectin. The principal components with eigenvalues (the variance in all variables which is 
accounted for by that component) greater than 1.0 were retained.6 Varimax (orthogonal) rotation 
was used for sake of interpretation; Varimax rotation is orthogonal, thus the components were 
uncorrelated. Component scores (a score for each participant) were calculated for each principal 
component to use in multiple regression analyses and subgroup comparisons. Component 
loadings >0.40 and <-0.40 were considered to characterize principal components. Multiple linear 
regression analyses were performed to investigate the association between weight gain per each 
three months in the first year of life and the principal components of type 2 diabetes risk factors. 
The four three-months periods were analyzed separately from each other. Adjustments were 
made for gestational age, sex, age, and SES. To investigate the association between weight gain 
and the components independently of height, adjustments were also made for height growth 
during the same three-months period.
 To determine whether catch-up in weight in the first year of life might be a high risk growth 
trajectory for type 2 diabetes, we subdivided the total study population in two subgroups, 
irrespective of birth length or birth weight, one with catch-up in weight (weight gain >0.67 
SDS) and one without catch-up in weight in the first year of life (Figure 1). Gain in SD-scores 
of 0.67 represent the width of each percentile band on standard growth charts (second to 
ninth percentile, ninth to 25th percentile etc).20 Differences between the two subgroups were 
determined using Estimated Marginal Means (EMM) adjusted for gestational age, sex, age, 
socioeconomic status, and height growth in the first year. 
 The SPSS statistical package version 17 (SPSS Inc, Chicago, Illinois) was used for the analysis. 
All statistical tests were performed two-sided and results were regarded as statistically significant 
if the P value was less than 0.05.

Results

The clinical characteristics of the study population (n=217) are shown in Table 1. The mean (SD) 
age in early adulthood was 20.8 (1.66) years, 40.1% of all participants were male. 
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Table 1. Clinical Characteristics of the Study Population

Mean (SD)

Characteristic Actual SD Score

At Birth

Gestational age, wks 39.2(1.66)

Length, cm 47.6(3.17) -1.53(1.45)

Weight, kg 2.78(0.67) -1.21(1.35)

First year of life

Height growth, cm

 Birth-3 mo 10.1(2.65) 0.41(1.05)

 >3-6 mo 6.88(1.23) 0.10(0.53)

 >6-9 mo 4.74(0.86) 0.08(0.35)

 >9-12 mo 3.75(0.80) -0.03(0.30)

Weight gain, kg

 Birth-3 mo 2.38(0.69) 0.22(1.16)

 >3-6 mo 1.71(0.42) 0.08(0.58)

 >6-9 mo 1.22(0.37) 0.06(0.40)

 >9-12 mo 0.99(0.34) 0.08(0.34)

Early Adulthood

Age, y 20.8(1.66)

Height, cm 168.1(10.9) -1.13(1.38)

Weight, kg 63.9(12.6) -0.63(1.43)

Waist/Hip ratio 0.89(0.07)

Trunk fat / total body fat ratio 0.48(0.06)

Fasting glucose, mmol/L 4.88(0.43)

Insulin sensitivity, μU/mL 6.82(4.33)

Acute insulin response, mU/L 570.6(559.7)

Triglycerides, mmol/L 1.03(0.49)

HDLc, mmol/L 1.39(0.38)

ApoA1, g/L 1.30(0.22)

LDLc, mmol/L 2.67(0.83)

ApoB, g/L 0.82(0.24)

Total Cholesterol, mmol/L 4.53(0.94)

Adiponectin, ng/mL 7658.8(3618.7)

C-reactive protein, mg/L 4.05(7.00)
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Combinations of type 2 diabetes risk factors
The results of Spearman correlation analyses of the type 2 diabetes risk factors used in PCA are 
presented in Table 2. 
 PCA resulted in four principal components of type 2 diabetes risk factors in early adulthood 
(Table 3). The four components explained 72.2% of the total variance in the original set of 
variables. The first was characterized by LDLc, ApoB, and total cholesterol (in the following text 
referred to as component Adverse Lipids). The second principal component was characterized 
by C-reactive protein, acute insulin response, insulin resistance, and triglycerides (referred to 
as component CRP / AIR / IR / TG). The third component was characterized by HDLc, ApoA1, 
and waist/hip ratio (referred to as component HDL / ApoA1 / WHR). The fourth component was 
characterized by trunk/total body fat ratio, fasting glucose, waist/hip ratio, and adiponectin 
(referred to as component Central Obesity / glucose / ApN).

First year weight gain and risk for type 2 diabetes in early adulthood
Associations between first-year weight gain and principal components of type 2 diabetes risk 
factors in early adulthood are shown in Table 4. Adjustments were made for gestational age, 
sex, age, SES, and SD score for height growth in the same three-months period. Adjustments 
for height growth were performed to investigate the association between weight gain and the 
components independently of height growth. 
 Weight gain in the first three months of life had a significant positive association with 
component CRP / AIR / IR / TG, and was not associated with any of the other components. 
Furthermore, no significant associations were found between weight gain in the other three-
months periods and any of the components of type 2 diabetes risk factors.
 To investigate whether the association of weight gain in the first three months and component 
CRP / AIR / IR / TG was explained by small birth size, an additional adjustment was performed for 
birth weight SDS. The association between weight gain in the first three months and component 
CRP / AIR / IR / TG remained significant (regression coefficient: 0.353, p-value: 0.007), and birth 
weight SDS had no significant association with that component (regression coefficient: -0.124, 
p-value: 0.291).
 Next, to determine whether catch-up in weight in the first year of life might be a high-risk 
growth trajectory for type 2 diabetes, we subdivided the study population of 86 participants in 
two subgroups, one with catch-up in weight (>0.67 SDS) in the first year of life (n=34) and one 
without. Comparisons of component CRP / AIR / IR / TG between the two subgroups are shown 
in Figure 1. Subjects with catch-up in weight in the first year had significantly higher scores for 
component CRP / AIR / IR / TG (p-value=0.002), which remained significant (p-value=0.004) 
after additional adjustment for birth weight SDS. Birth weight SDS itself was not significantly 
associated with the component.
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Table 3. Component loadings defining components of type 2 diabetes risk factors, results of Principal 
Component Analysis

Component 1 Component 2 Component 3 Component 4

LDLc* 0.960 0.110 -0.051 -0.007

Apolipoprotein B* 0.958 0.180 -0.094 -0.014

Cholesterol 0.932 0.158 0.242 -0.011

C-reactive protein* 0.003 0.817 -0.051 -0.302

Acute insulin response* 0.122 0.732 -0.005 -0.063

Insulin resistance* 0.221 0.645 0.009 0.240

Triglycerides* 0.340 0.446 -0.060 0.263

HDLc* -0.051 -0.105 0.925 -0.142

Apolipoprotein A1 0.080 0.033 0.902 -0.156

Ratio Trunk/Total fat -0.169 0.233 -0.178 0.765

Fasting glucose* 0.153 -0.189 0.031 0.668

Ratio waist/hip* -0.272 0.304 -0.439 0.651

Adiponectin* -0.121 0.232 0.397 -0.595

Eigenvalue 3.379 3.063 1.770 1.168

% of Variance 25.99 23.56 13.62 8.98

*Log transformed (natural logarithm) for Principal Component Analysis. 
Component Loadings >0.40 and <-0.40 are bolded, these variables are considered to characterize components.
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Figure 1. Component score comparison in subjects with and without catch-up in weight in the first 
year of life
CRP: C-reactive protein, AIR: Acute Insulin Response, IR: insulin resistance, TG: triglycerides, CU: catch-up in weight (weight 
gain >0.67SDS); Comparisons are adjusted for gestational age, sex, age, socioeconomic status, and height growth in the first 
year of life; * additionally adjusted for birth weight SDS
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There were no differences between the subgroups in component Adverse Lipids (p-value=0.251), 
component HDL / ApoA1 / WHR (p-value=0.861), and component Central Obesity / glucose / ApN 
(p-value=0.833), adjusted for gestational age, sex, age, socioeconomic status and gain in length 
in the first year of life. 

Discussion

In this study we investigated combinations of known risk factors preceding type 2 diabetes 
mellitus to identify type 2 diabetes risk profiles in early adulthood, using principal component 
analysis. This resulted in four principal components of type 2 diabetes risk factors. Subsequently, 
we studied associations of early life growth trajectories with the identified risk profiles, in order 
to determine whether growth in early life could be a prevention target to reduce development 
of type 2 diabetes in early adulthood. Our results demonstrate that gain in weight for length in 
the first three months of life is associated with a combination of specific risk factors for type 2 
diabetes independently of birth weight, namely with the component characterized by insulin 
resistance, acute insulin response (AIR), and serum levels of C-reactive protein and triglycerides 
Gain in weight for length in the first three months of life was not associated with the other 
components of type 2 diabetes risk factors. Subgroup analyses confirmed our findings showing 
that of all young adults, those with catch-up in weight in the first year of life had the highest 
scores for the component characterized by insulin resistance, AIR, and serum levels of C-reactive 
protein and triglycerides, regardless of birth weight.
 Low birth weight has previously been associated with an increased risk of cardiovascular 
diseases.21-22 Although this was initially thought to be due to an unfavorable fetal environment,23 
other studies reported that postnatal catch-up growth influenced the risk as well.24-27 To 
our knowledge, our study is the first study investigating the relationship of early life growth 
trajectories with combined type 2 diabetes risk factors in early adulthood. We previously 
showed an inverse association of accelerated early weight gain with insulin sensitivity,5 but type 
2 diabetes is a complex disease with many risk factors, and in the present study PCA enabled 
us to study combinations of determinants rather than individual risk factors. Remarkably, only 
certain risk factors of type 2 diabetes in young adults were affected by early growth, as we only 
found an association of first three-months accelerated weight gain with one (component CRP / 
AIR / IR / TG) of the four components identified. This implies that particularly the risk factors that 
characterize this principal component are involved in the mechanism linking early accelerated 
weight gain with risk for type 2 diabetes. The promising results of the present study motivate 
future research to focus on mechanisms affecting insulin resistance, AIR, and levels of C-reactive 
protein and triglycerides in adulthood when studying early origins of type 2 diabetes.
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Our study population consisted of a relatively large number of subjects born small for gestational 
age (SGA), which enabled us to study the associations with more statistical power because of 
more contrast in early growth between the subjects. When we compared the subjects with and 
without catch-up in weight in the first year of life, we found that the subjects with catch-up in 
weight had the highest scores for component CRP / AIR / IR / TG in early adulthood, which was 
independent of size at birth. Early nutrition might be involved in the association between early 
life weight gain and risk for type 2 diabetes in young adulthood. Generally, nutrient-enriched diets 
lead to rapid weight gain in early life, and subsequently have adverse effects on cardiovascular 
risk factors in later life.28-29 Infants born SGA often receive nutrient enriched feeding in the early 
postnatal period, which leads to rapid weight gain. Thus, subjects born SGA are likely to have 
increased risk for type 2 diabetes risk factors in early adulthood due to accelerated postnatal 
weight gain, rather than due to their small size at birth. 
 Formula-fed infants grow at a faster rate than breast-fed infants and have a higher risk of being 
overweight later in life.30-31 Our study did not have nutritional data to investigate the relationship 
between early nutrition, growth in infancy, and type 2 diabetes risk factors in later life, but our 
findings suggest that the use of nutrient-enriched formulas, which induce rapid weight gain in 
early life, might increase risk for type 2 diabetes later in life. In contrast, breastfeeding during 
the first three months of life might decrease the prevalence of type 2 diabetes in adulthood. The 
findings in this study need to be confirmed in population-based cohort studies with standardized 
early life measurements. These studies would enable to investigate the optimal target of gain 
in weight for length after birth. Furthermore, it would be of additional value to include family 
history, as a risk factor of type 2 diabetes, in our analyses. Unfortunately, we did not have 
sufficient information to assess family history in our cohort of young adults. However, none 
of the subjects who fully completed the questionnaires mentioned a family history of type 2 
diabetes. 
 In conclusion, our study indicates that accelerated gain in weight compared to length the 
first three months of life should be avoided to reduce the risk for type 2 diabetes in later life. 
Thus same pace in weight and length gain in early postnatal life should be a prevention target 
to avoid development of type 2 diabetes in early adulthood. This may be achieved by nutritional 
intervention according to weight for length trajectories. Our findings also point to the need for 
new prospective data to investigate the optimal target of gain in weight for length after birth. 
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Abstract

Several risk factors of cardiovascular diseases have been studied using direct association 
measures. Because the incidence of obesity and cardiovascular diseases is rising, it is important 
to correctly model these risk factors involved in development of cardiovascular diseases. Until 
now, statistical methods lacked to achieve this goal because of complex interrelationships 
involved. Structural Equation Modeling (SEM) is an advanced statistical technique that enables 
solving this issue. The aims of this study were to investigate whether SEM could unravel pathways 
involved in cardiovascular diseases and to visualize these pathways in a model. In 322 healthy 
participants of the PROGRAM (PROgramming factors for GRowth And Metabolism) study, 18 to 
24 years of age, we explored pathways leading to atherosclerosis measured by carotid intima-
media thickness. Using SEM, we were able to model these pathways for males and females using 
body fat percentage, serum lipid levels, and blood pressure. We are the first to present a model 
of complex direct and indirect effects of fat mass leading to atherosclerosis using SEM. Both 
male and female path-model had an excellent fit. Fat mass had a significant effect on carotid 
intima-media thickness through various pathways, with the largest effect size on carotid intima-
media thickness via blood pressure. SEM showed that the pathways differed between males 
and females, with a larger effect of serum lipids on carotid intima-media thickness in males. In 
conclusion, SEM is suitable in identifying models to unravel potential causal pathways in complex 
origins of diseases. We present a model involving several pathways, showing that fat mass has an 
influence on risk factors for atherosclerosis, already at 21 years of age. 
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Introduction

The World Health Organization estimates a rise in mortality of cardiovascular diseases (CVD) 
from 17.1 million in 2004 to 23.4 million in 2030.1 These statistics explain the increasing interest 
of clinical researchers to determine risk factors for CVD. Atherosclerosis is an important etiologic 
element of CVD, and although causes of atherosclerosis have been explored previously, it 
remained difficult to investigate several atherosclerosis risk factors simultaneously. Cohort 
studies have been used to determine associations between risk factors of atherosclerosis.2,3 
However, these studies did not take into account indirect effects of risk factors because only 
direct effects between two variables were analyzed. Thus, such studies lacked to provide a 
statistical method that could unravel the pathways simultaneously in one path analysis. 
 Structural Equation Modeling (SEM) is an advanced statistical technique that enables solving 
these issues. SEM has been applied in several research fields but is still rarely used in clinical 
research, despite its ability to identify, test, and estimate pathways in a non-hypothesis-driven 
manner.4 
 We hypothesized that SEM is a suitable method to unravel multidirectional associations 
and potential causal pathways in complex origins of diseases such as CVD. This approach, in 
which the interdependency of risk factors is unraveled simultaneously, is innovative in this field. 
Our objective was to explore several pathways, leading to vascular changes in early adulthood, 
using SEM. We examined direct and indirect effects of fat mass in particular because fat mass 
accumulation during childhood is an important risk factor for CVD in adulthood.5-7 Prevalence 
of obesity in children and young adults is rising, and this is likely to induce future problems in 
public health.8,9 We aimed to study pathways through several determinants of atherosclerosis, 
including lipid levels and blood pressure. As far as we know, this is the first study using SEM to 
explore the pathways between fat mass and vascular changes in early adulthood. 
 Our study population consisted of 322 healthy subjects 18 to 24 years of age who participated 
in the PROgramming factors for GRowth And Metabolism (PROGRAM) study cohort. Several 
parameters were measured to determine metabolic and cardiovascular status of the participants. 

Methods 

Study Participants 
The PROGRAM study cohort comprises 322 healthy subjects, 18 to 24 years of age. The 
PROGRAM study was performed in one medical center in The Netherlands between August 
2004 and September 2007. Participants were recruited randomly from several hospitals in The 
Netherlands, where they had been registered because of small size at birth or short stature. Also 
randomly, healthy subjects from schools of various educational levels were asked to participate. 
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Only those born singleton, at ≥36 weeks of gestation and white, were invited to participate. The 
study population has been described previously in detail.5 
 The Medical Ethics Committee of Erasmus Medical Centre, Rotterdam, The Netherlands, 
approved the study. Signed informed consent was obtained from all participants. 

Measurements 
All participants were invited to visit Erasmus Medical Centre and were reimbursed for travel 
expenses. Before the taking of measurements, participants fasted for 12 hours and had abstained 
from smoking and alcohol for 16 hours. Fasting blood samples were drawn and centrifuged 
between 8 AM and 1 PM and were kept frozen until assayed (-80°C). 
 Fat mass was measured on a Dual-Energy X-ray Absorptiometry (DXA) machine (Lunar 
Prodigy; GE Healthcare). The intra-assay coefficient of variation for fat tissue was 0.41% to 
0.88%.10 Brachial blood pressure was measured after 10 minutes at rest, in the supine position, 
using the nondominant arm with an automatic device (Accutorr Plus; Datascope Corp.) every 
five minutes for one hour, and the mean values of these 13 measurements were taken to reflect 
resting blood pressure. A standard cuff size was used unless a large cuff was necessary. 
 Carotid intima-media thickness (cIMT) was measured by recording ultrasonographic images 
of both left and right carotid artery, when subjects were supine, using a 7.5-MHz linear array 
transducer (ATL Ultramark IV; Advanced Tech Laboratories). On the R wave of the ECG, 3 
longitudinal images of the near and far wall of the common carotid artery were frozen and stored 
on videotape. These images were digitized and displayed on the screen of a computer using a 
frame grabber (VP 1400-KIT-512-E-AT; Imaging Technology). The common cIMT was determined 
as the mean of the mean near-wall and far-wall measurements of both the left and right side 
common carotid artery. 

Laboratory measurements 
Lipid concentrations were analyzed in the same laboratory. Free fatty acids (FFA) and triglycerides 
(TG) were measured using an enzymatic colometric method (WAKO Chemicals), an automated 
enzymatic method, with the GPO-PAP reagent kit (Roche Diagnostics). HDL cholesterol (HDLc) 
was measured using a homogenous enzymatic colorimetric assay (Roche Diagnostics). LDL 
cholesterol (LDLc) was calculated using the Friedewald formula: LDL cholesterol level in mmol/L 
= total cholesterol level – HDL cholesterol level – 0.45 x level of triglycerides. Apolipoprotein 
A-I (apoA-1) and apolipoprotein B (apoB) were determined by rate nephelometry on the Image 
Immunochemistry System according to manufacturer instructions (Beckman Coulter). Plasma 
acylation stimulating protein (ASP)11,12 concentrations were measured using a sandwich ELISA. 
The intra-assay variations of measurements of TG, HDL cholesterol, and ASP were 2.9, 3.9%, and 
<4%, respectively. Between-run coefficients of variation for apoA-1 and apoB were 4.2% and 
2.8% at levels of 0.94 and 0.53 g/L, respectively. 



Chapter

7

117Pathways leading to atherosclerosis | 

Statistical Analysis 
Body fat percentage was calculated as: [body fat (kg)/weight (kg)]x100%. Differences between 
males and females and between oral contraceptive (OC) users and non-OC users were 
determined using ANOVA. The difference between males and females regarding the percentage 
of smokers was determined using a Pearson χ2 test. We used the Pearson correlations to estimate 
intercorrelations, and the Fisher Z-transformation was used to explore differences between male 
and female correlation coefficients. 
 To unravel the interrelationships among atherosclerosis risk factors, we used SEM,13 a 
powerful statistical tool for path analysis using maximum likelihood estimation. SEM has been 
used in psychological, social, educational, and management fields14 and is applicable in clinical 
research, specifically to visualize pathways and calculate the magnitudes of direct and indirect 
effects on human diseases. Using SEM, we explored several path models to identify, test, and 
estimate models. 
 Although there are no absolute standards for the relationship between sample size and 
model complexity, a desirable goal is to have a minimal subject/parameter ratio of 10:1.13 The 
models generated in this study consist of eight parameters. Because the female model was based 
on data from 197 subjects and the male model on those from 125 subjects, both models had a 
subject/parameter ratio clearly larger than 10:1, indicating a sufficient sample size. 
 Because of statistical collinearity of the variables HDLc and ApoA1 (males, r=0.83; females, 
r=0.70), LDLc and ApoB (males, r=0.92; females, r=0.87), and diastolic and systolic blood pressure 
(males, r=0.78; females, r=0.78), each of these pairs of variables was combined as one variable 
using Z scores for standardization. These variables are strongly related because ApoA1 and ApoB 
are structural proteins for HDLc and LDLc, respectively. The variable with the most unfavorable 
Z score of the two was used in analysis. The combined variables were called HDL&apoA1, 
LDL&apoB, and blood pressure. 
 Using the model-generating approach in SEM, we first explored relationships between 
exogenous (independent) and endogenous (dependent) variables in a model starting with fat 
mass percentage and ending with cIMT. Secondly, for each nonsignificant path, we determined 
whether it was acceptable to remove the path while maintaining an acceptable fit. Models 
were tested until no meaningful improvements were found on models that had been tested 
previously. All models were constructed for males and females, separately. Regression-based 
imputation was used for missing data using full information matrix. The number of missing data 
for blood pressure was 103, and for cIMT, 79; for all other parameters, the number of missing 
data were <20. The generated SEM model was also tested using a complete case analysis 
without imputed data. Bootstrapping was applied for internal validation. The 95% confidence 
intervals after bootstrapping are shown in Supplement 1 (Table S1). Because not all variables 
were characterized by a normal distribution, robust maximum likelihood was used to test the 
generated model. This showed similar results. 
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We used standardized path coefficients as effect estimate (range, -1.0 to 1.0). The effect size of 
these coefficients can be determined using this classification: <0.10 as a small effect, 0.30 as 
a medium effect, and >0.50 as a large effect. These values are recommendations. Effect sizes 
can be reasonably estimated in combination with tests of significance, which also take account 
of sample size and intercorrelations among variables.13 Supplemental Figure 2 provides more 
information regarding path diagrams. 

Model Fit 
For each model, we evaluated the fit by measures of overall fit and detailed assessment of fit 
(fitted and standardized residuals and modification indices) and by examining the individual 
parameter estimates. The following performance measures were used: (1) χ2 for model fit (low 
and nonsignificant values of the two are desired);13 (2) χ2/degrees of freedom ratio (a value <2.0 
was considered acceptable); (3) Comparative Fit Index; (4) Tucker-Lewis Index (Comparative Fit 
Index and Tucker-Lewis Index, where values of 1.0 suggest a perfect fit, and high values are 
desired, but where values >1.0 indicate an overidentification);15,16 (5) root mean square error of 
approximation (a value <0.05 indicates a close fit);17 and (6) standardized root mean squares of 
residuals (where a value of 0.08 indicates a good fit).18 
 Statistical package SPSS version 15.0 (SPSS, Inc.) was used for the Pearson χ2 test and 
ANOVA. M-plus version 5.2.1 (Muthén and Muthén) was used for SEM. Results were regarded as 
statistically significant if two-sided P was <0.05. 

Results 

Study Population 
Table 1 shows unadjusted clinical characteristics of the 322 participants and males and females 
separately. There were no differences between males and females regarding age and proportion 
of smokers. Males had higher mean waist/hip ratio, systolic blood pressure, and cIMT. Females 
had a higher mean percentage of fat mass and serum FFA, TG, ASP, LDL, HDL, apoB, and apoA1 
levels (all P<0.001). 
 In Table 2, linear correlation coefficients of parameters used in SEM analyses are shown for 
comparison with previous studies. Correlation coefficients that differed significantly between 
males and females were the correlations between FFA and fat mass (P=0.008), TG and fat mass 
(P<0.001), HDL&apoA1 and fat mass (P=0.007), HDL&apoA1 and TG (P=0.002), and HDL&apoA1 
and cIMT (P=0.018). 
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Table 1. Clinical Characteristics of Males and Females 

Characteristic Male 
(n=125)

Female  
(n=197) 

P Value 

Age (y) 20.9 (1.66) 20.9 (1.69) 0.756 

%FM 16.3 (7.91) 29.5 (8.55) <0.001 

Waist/hip ratio 0.91 (0.07) 0.87 (0.07) <0.001 

Smokers (%) 27.0 27.5 0.863 

OC use(%) — 76.7 — 

Systolic BP (mm Hg) 114.1 (7.96) 107.6 (7.16) <0.001 

Diastolic BP (mm Hg) 66.6 (5.39) 65.8 (5.26) 0.231 

cIMT (mm) 0.53 (0.05) 0.51 (0.04) <0.001 

FFA (mmol/L) 0.55 (0.24) 0.66 (0.23) <0.001 

TG (mmol/L) 0.90 (0.44) 1.11 (0.52) <0.001 

ASP (nmol/L) 14.3 (7.17) 19.6 (11.13) <0.001 

LDL cholesterol (mmol/L) 2.49 (0.66) 2.83 (0.86) <0.001 

HDL cholesterol (mmol/L) 1.24 (0.29) 1.47 (0.37) <0.001 

ApoB (g/L) 0.73 (0.18) 0.88 (0.25) <0.001 

ApoA1 (g/L) 1.19 (0.17) 1.38 (0.22) <0.001 

Values given are mean (SD). %FM indicates percentage of body fat; BP, blood pressure. 

Table 2. Linear correlation coefficients between atherosclerosis parameters used in SEM, for males 
and females separately 

Parameter %FM FFA TG ASP HDL&apoA1 LDL&apoB BP cIMT Mean SD

%FM – 0.00 0.02 0.163 0.06 0.13 0.351 -0.06 29.5 8.55

FFA 0.301,5 – 0.09 0.02 -0.02 0.10 -0.04 0.09 0.66 0.23

TG 0.491,4 0.04 – -0.192 0.06 0.291 0.14 -0.05 1.11 0.52

ASP 0.01 -0.08 0.213 – -0.02 0.10 0.153 0.00 19.6 11.1

HDL&apoA1 -0.242,5 -0.14 -0.301,5 0.10 – -0.163 0.10 -0.03 0.19 0.98

LDL&apoB 0.242 0.01 0.311 0.183 -0.01 – -0.12 0.03 -0.02 1.00

BP 0.341 0.10 0.262 -0.07 -0.07 0.183 – -0.173 0.15 0.83

cIMT 0.07 0.10 0.14 0.03 -0.301,6 0.242 0.223 – -0.51 0.04

Mean 16.3 0.55 0.90 14.3 -0.53 -0.51 0.82 0.53

SD 1.66 0.24 0.44 7.17 0.78 0.77 0.93 0.05
Dark grey: males, light grey: females Significant Pearson correlation coefficients are given in bold, p-value of the correlation 
coefficients: 1:p<0.001, 2:p<0.01, 3:p<0.05. Significant difference between correlations of males and females: 4:p<0.001, 
5:p<0.01, 6:p<0.05, %FM= percentage body-fat, FFA= free fatty acids, TG= triglycerides, ASP= acyl stimulation protein, 
HDL= high-density lipoprotein cholesterol, apoA1= apolipoprotein A-I, LDL= low-density lipoprotein cholesterol, apoB= 
apolipoprotein B, BP = blood-pressure, cIMT= carotid intima-media thickness
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Male and female model by SEM 
The implementation of SEM as statistical approach to identify pathways from fat mass leading 
to changes in cIMT resulted in a model for males and females with an adequate model fit 
(Figures 1 and 2): χ2 was 41.1 with 34 degrees of freedom (ratio 1.2) and a P value of 0.188. Low, 
nonsignificant values of the χ2 are desired, and the ratio has to be <2.0.13 The Comparative Fit 
Index was 0.96 and the Tucker-Lewis Index was 0.93. Both Comparative Fit Index and Tucker-
Lewis Index need to be high for a good fit, but values >1.0 indicate an overfit.15,16 The root mean 
square error of approximation and standardized root mean squares of residuals had values of 
0.036 and 0.050, respectively. Root mean square error of approximation and standardized root 
mean squares of residuals need to be <0.05 and <0.08, respectively, for a good fit.17,18 Also after 
using bootstrapping for internal validation, the model fit remained good. The complete case 
analysis resulted in a similar model with a good fit. The directionality and magnitude of the path 
coefficients also resembled those of the original model. 
 SEM analyses resulted in a good model for both males (Figure 1) and females (Figure 2). 
The largest effect in both males and females was that of fat mass on cIMT, via blood pressure. 
In contrast, the pathways regarding the serum lipid levels differed between males and females. 
The effect of LDL&apoB on cIMT was present in the male model but absent in the female model, 
whereas the effect of FFA on TG in the female model was absent in the male model. Further, the 
effect sizes of the pathways via serum lipids were higher in males than in females. 

ASP 

FFA 

HDL and apoA1

LDL and apoB

0.006 0.206

0.485

0.295

0.257

-0.233

0.118

-0.131

0.0430.110

0.277

0.182

0.205

-0.061

TG

Blood Pressure

% FM

IMT

Figure 1. Path diagram for males with standardized coefficients of direct effects
Bold arrows indicate p<0.05, and dashed arrows indicate p>0.10. Standardized path coefficients (presented next to all 
arrows) are used as effect estimate (range: -1.0 to +1.0): <0.10 is considered as a small effect, 0.30 as a medium effect and 
>0.50 as a large effect. 
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ASP 

FFA 

HDL and apoA1

LDL and apoB

0.163 0.188

0.121

0.276
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-0.086

0.0620.113

0.337

0.177

-0.084

TG

Blood Pressure

% FM

IMT

Figure 2. Path diagram for females with standardized coefficients of direct effects 
Bold arrows indicate p<0.05, not-bolded arrows indicate p<0.10, and dashed arrows indicate p>0.10. Standardized path 
coefficients (presented next to all arrows) are used as effect estimate (range: -1.0 to +1.0): <0.10 is considered as a small 
effect, 0.30 as a medium effect and >0.50 as a large effect. 

Table 3 shows the direct, indirect, and total effects of fat mass on endogenous variables used 
in path analyses. Both models show a relatively large effect of fat mass on blood pressure. For 
males, the total effect of fat mass on blood pressure was 0.34 (P<0.001; range, -1.0 to 1.0). For 
females, this effect was 0.35 (P<0.001). The total effect of fat mass on cIMT was significant for 
both males (P=0.002) and females (P=0.013). 
 Of the females, 76.7% used OCs. The parameters (means) that differed between OC users and 
non-OC users were, respectively, TG (1.21 versus 0.81; P0.001), FFA (0.70 versus 0.54; P<0.001), 
LDL (2.92 versus 2.58; P=0.024), apoB (0.92 versus 0.76; P<0.001), and systolic blood pressure 
(108.2 versus 105.0; P=0.008). The body fat percentage did not differ between OC users and non-
OC users (29.7 versus 28.4; P=0.39). We tested the same female model in OC users and non-OC 
users separately to test whether the model was applicable to both groups. Despite the small 
number of participants without OC use (n=44), the female models both showed a good fit, thus, 
we decided to combine the data for OC users and non-OC users in the final model. 
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Discussion

This is the first study to show that SEM is an innovative statistical method to unravel 
multidirectional associations and potential causal pathways in complex origins of diseases like 
CVD. SEM can analyze complex interrelationships among variables in a non-hypothesis-driven 
manner. By using SEM, we could visualize the direct and indirect effects of fat mass on cIMT via 
various pathways such as blood pressure and serum lipids. 
 SEM has been used in other fields, such as genetic epidemiology and psychology,19,20 but 
remains very rarely used in medical research. Path analysis is an appropriate method to assess 
the causal contribution of one variable to another.14 It assumes that causality is not a 1-to-1 
correspondence between cause and effect but that each dependent variable has an unexplained 
variance. However, to determine causal relationships with certainty, there has to be a time 
course.13 The promising results of the present study, applying path analysis in clinical research, 
might motivate the use of SEM in complex origins of disease to assess causal relationships. 
 Many of the estimated effects in the present study were substantial and statistically 
significant, which is remarkable, especially when taking into account the young age of the healthy 
study population. The effect sizes on cIMT remained low, but we can conclude that even at such 
a young age, a higher fat mass already has a negative influence on the cardiovascular status. This 
finding is alarming because the effects are likely to be larger in subjects of an older age. 
 As was expected, the pathways differed between males and females. The relatively large 
effect of fat mass on ASP in females might be attributable to their higher percentage of fat mass 
compared with males. Fat mass had an indirect effect on TG via ASP in the female model, in 
contrast to the direct effect shown in the male model. It was shown previously that females have 
higher lipolytic rates than males, independently of the percentage of fat mass.21 This induces 
higher levels of free fatty acids (FFA), and consequently, the effect of FFA on TG might mask the 
relatively small direct effect of fat mass on TG in the female model. The sexual dimorphism in 
effects of serum lipid levels on cIMT is likely to be affected by sex hormones as well. It is well 
established that premenopausal females have a lower risk of developing atherosclerosis than 
age-matched males.22 Because estrogens have hypolipidemic properties, these are also likely to 
attribute to the differences between the male and female models.23 
 In contrast to the female model, the male model showed a direct effect of LDL&apoB on 
cIMT, a measure of atherosclerosis.24 An explanation of this finding might be that LDLc particles 
in males are smaller than those in females, which was shown previously to be predictive of 
increased CVD risk.25 
 Both models show a significant total effect of fat mass on cIMT. The indirect effects are, for 
a considerable part, ascribed to the effect of fat mass on blood pressure, both in males and 
females. This indicates that the effect of fat mass on blood pressure and cIMT is not exerted only 
via serum lipids. Other pathophysiological processes might also play a role, such as inflammatory 
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effects. The present results warrant further investigations using SEM to expand the models, 
including more variables. 
 When interpreting the female model for clinical practice, it should be taken into account that 
a large percentage of the females used OC. Because the lipid profile of OC users differs from that 
of non-OC users,26 we tested the model fit of the female model in OC users and non-OC users 
separately. Despite the small number of participants without OC use, the same female model did 
show a good fit in both OC users and non-OC users. Thus, it is very likely that the pathways from 
fat mass to cIMT are similar for OC users and non-OC users. 
 A desirable goal of SEM is to have a minimal subject/parameter ratio of 10:1 to achieve 
sufficient power.13 Although the present study meets this requirement, this rule remains arbitrary. 
The present study used a model-generating rather than a confirmatory approach.14 The strength 
of this approach is that it is non-hypothesis driven, although the measured variables have to be 
preselected. However, one weakness is that this is inevitably accompanied by multiple testing. 
In addition, this approach is exploratory, and for definitive conclusions, external validation of the 
models in another large group of young adults is desirable, using SEM in a confirmatory approach 
taking into account multiple testing. 
 In conclusion, this is the first study using SEM to present a model of complex direct and 
indirect effects of fat mass leading to changes in cIMT. This study resulted in a path model with 
a good fit. It showed that vascular status, measured by cIMT, is influenced by fat mass via blood 
pressure and serum lipids, even in young healthy adults. Further, the model showed that the lipid 
profile has a larger effect in the development of atherosclerosis in males than in premenopausal 
females. 

Perspectives 
We introduce an accessible method for analyzing complex origins of diseases. The promising 
results of the present study, applying path analysis in clinical research, might motivate the use 
of SEM to assess causal relationships in future research. In a public health perspective, our data 
indicate that higher fat mass in young adulthood should be prevented because it is associated 
with vascular changes through various pathways, even at such a young age. Because the 
prevalence of fat accumulation in childhood and adulthood is increasing rapidly, this is likely to 
induce future problems in public health. 
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Supplement

Table S1. Standardized path coefficients of the males and females, respectively

 Males Females

Pathway Coeff 95% CI Bootstrapped 
95% CI

Coeff 95% CI Bootstrapped 
95% CI

%FM→ASP* 0.006 -0.169 to 0.181 -0.172 to 0.184 0.163 0.027 to 0.299 0.038 to 0.288

%FM→FFA 0.295 0.135 to 0.455 0.115 to 0.475 – – –

%FM→TG 0.485 0.353 to 0.616 0.295 to 0.672 – – –

%FM→LDL&apoB 0.118 -0.071 to 0.306 -0.105 to 0.341 0.125 -0.007 to 0.257 -0.004 to 0.254

%FM→HDL&apoA -0.131 -0.321 to 0.058 -0.320 to 0.058 -0.086 -0.098 to -0.074 †

%FM→BP 0.277 0.095 to 0.459 0.094 to 0.460 0.337 0.214 to 0.460 0.203 to 0.471

ASP→TG 0.206 0.059 to 0.353 0.071 to 0.341 0.188 0.055 to 0.322 0.048 to 0.328

FFA→TG – – – -0.121 -0.014 to 0.256 -0.012 to 0.254

TG→LDL&apoB 0.257 0.073 to 0.442 -0.006 to 0.520 0.276 0.148 to 0.403 0.135 to 0.417

TG→HDL&apoA -0.233 -0.419 to -0.046 -0.428 to -0.038 – – –

TG→BP 0.110 -0.078 to 0.297 -0.110 to 0.330 0.113 -0.019 to 0.246 -0.012 to 0.238

LDL&apoB→BP 0.043 -0.040 to 0.126 -0.053 to 0.139 0.062 -0.058 to 0.181 -0.076 to 0.200

LDL&apoB→IMT 0.205 0.039 to 0.372 0.033 to 0.377 – – –

HDL&apoA→IMT -0.061 -0.148 to 0.027 -0.161 to 0.039 -0.084 -0.202 to 0.035 -0.222 to 0.054

BP→IMT 0.182 0.015 to 0.349 0.005 to 0.359 0.177 0.041 to 0.312 0.037 to 0.317
Coeff= Standardized path coefficients, 95% CI= 95% confidence interval, %FM= percentage body-fat, FFA= free fatty acids, 
TG= triglycerides, ASP= acyl stimulation protein, HDL= high-density lipoprotein cholesterol, apoA1= apolipoprotein A-I, LDL= 
low-density lipoprotein cholesterol, apoB= apolipoprotein B, BP= blood-pressure, cIMT= carotid intima media thickness 
* %FM → ASP stands for: effect of fat mass percentage on ASP. † Because the effect of fat mass percentage on HDL&apoA 
was fixed at -0.10, it was not possible to calculate the 95% confidence interval for this effect after bootstrapping. 
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Figure S1 Path Analysis 
Path analysis is used to study interrelationships between variables. The pathways that are 
determined using path analysis, can be displayed using a path diagram. 

Path Diagrams 
The following diagram is an example of a path analysis. 

1

2

4

3

p14

p24
p34

p23 U4

U3

In this diagram; 
 − Latent, unmeasured, or unobserved variables are denoted in path analysis by a circle. 

Manifest, measured or observed variables enclosed in squares. 
 − Variables 1 and 2 are exogenous variables. Exogenous variables are variables whose causes 

are not represented in the model. These variables are causally prior to all dependent 
variables in the model. Any variable without a single-headed arrow going into it is termed an 
exogenous variable. One exogenous variable can be joined to another by a double headed 
arrow; this denotes a correlation between the two exogenous variables. 

 − Variables 3 and 4 are endogenous variables. The causes of endogenous variables are specified 
in the model. 

 − Exogenous variables must always be independent variables. Endogenous variables can be 
either dependent or independent. 

 − U3 and U4 are disturbances/residual terms. 
 − The arrows represent direct causal effects of the model, also known as the structural effects. 
 − Path coefficients are represented by p12, p23, p24, and p34 in the model 

References supplement

http://ibgwww.colorado.edu/~carey/p4102dir/handouts/path_analysis/pathnew.htm 

http://www.nd.edu/~rwilliam/stats2/l62.pdf 



Chapter

7

127Pathways leading to atherosclerosis | 

References 

1. WHO. World Health Statistics. World Health Organization. 2008. 
2. Hofman A, Breteler MM, van Duijn CM, Krestin GP, Pols HA, Stricker BH, Tiemeier H, Uitterlinden AG, 

Vingerling JR, Witteman JC. The Rotterdam Study: objectives and design update. Eur J Epidemiol. 2007; 
22:819-829. 

3. Splansky GL, Corey D, Yang Q, Atwood LD, Cupples LA, Benjamin EJ, D’Agostino RB Sr, Fox CS, Larson 
MG, Murabito JM, O’Donnell CJ, Vasan RS, Wolf PA, Levy D. The Third Generation Cohort of the 
National Heart, Lung, and Blood Institute’s Framingham Heart Study: design, recruitment, and initial 
examination. Am J Epidemiol. 2007;165: 1328-1335. 

4. Rabe-Hesketh S, Skrondal A. Classical latent variable models for medical research. Stat Methods Med 
Res. 2008;17:5-32. 

5. Leunissen RW, Kerkhof GF, Stijnen T, Hokken-Koelega A. Timing and tempo of first-year rapid growth 
in relation to cardiovascular and metabolic risk profile in early adulthood. J Am Med Assoc. 2009;301: 
2234-2242. 

6. Krassas GE, Tzotzas T. Do obese children become obese adults: childhood predictors of adult disease. 
Pediatr Endocrinol Rev. 2004; 1(suppl 3):455-459. 

7. Singhal A, Lucas A. Early origins of cardiovascular disease: is there a unifying hypothesis? Lancet. 
2004;363:1642-1645. 

8. Baker JL, Olsen LW, Sorensen TI. Childhood body-mass index and the risk of coronary heart disease in 
adulthood. N Engl J Med. 2007;357: 2329 2337. 

9. Berghofer A, Pischon T, Reinhold T, Apovian CM, Sharma AM, Willich SN. Obesity prevalence from a 
European perspective: a systematic review. BMC Public Health. 2008;8:200. 

10. Guo Y, Franks PW, Brookshire T, Antonio Tataranni P. The intra-and inter-instrument reliability of DXA 
based on ex vivo soft tissue measurements. Obes Res. 2004;12:1925-1929. 

11. Yang Y, Lu HL, Zhang J, Yu HY, Wang HW, Zhang MX, Cianflone K. Relationships among acylation 
stimulating protein, adiponectin and complement C3 in lean vs obese type 2 diabetes. Int J Obes 
(Lond). 2006; 30:439-446. 

12. Leunissen RW, Gao Y, Cianflone K, Stijnen T, Hokken-Koelega AC. Growth patterns during childhood and 
the relationship with acylationstimulating protein. Clin Endocrinol (Oxf). 2010;72:775–780. 

13. Kline RB. Structural models with observed variables and path analysis: I. Fundamentals, recursive 
models. Structural Equation Modeling. Principals and Practice of Structural Equation Modeling. New 
York, NY: The Guilford Press; 1998:112. 

14. Jöreskog KG, Sörbom D. In: Stam L, Darrell Bock R, eds. LISREL 8: Structural Equation Modeling With 
the SIMPLIS Command Language. Chicago, Ill: Scientific Software International, Inc; 1993. 

15. Bentler PM. Comparative fit indexes in structural models. Psychol Bull. 1990;107:238-246. 
16. Tucker LR, Lewis C. A reliability coefficient for maximum likelihood factor analysis. Psychometrika. 

1973;38:1-10. 
17. Browne MW, Cudeck R. Alternative ways of assessing model fit. In: Bollen KA, Long JS, eds. Testing 

Structural Equation Models. Beverly Hills, Calif: Sage Publications; 1992:136-162. 
18. Hu LT, Bentler PM. Cutoff criteria for fit indexes in covariance structure analysis: conventional criteria 

versus new alternatives. Structural Equation Modeling. 1999;6:1-55. 
19. Pieterse K, van Dooren S, Seynaeve C, Bartels CC, Rijnsburger AJ, de Koning HJ, Klijn JG, van Elderen T, 

Tibben A, Duivenvoorden HJ. Passive coping and psychological distress in women adhering to regular 
breast cancer surveillance. Psychooncology. 2007;16:851-858. 

20. Schur EA, Noonan C, Buchwald D, Goldberg J, Afari N. A twin study of depression and migraine: 
evidence for a shared genetic vulnerability. Headache. 2009;49:1493-1502. 

21. Mittendorfer B. Sexual dimorphism in human lipid metabolism. J Nutr. 2005;135:681-686. 
22. Maxwell SR. Women and heart disease. Basic Res Cardiol. 1998;93; (suppl 2):79-84. 



128 | Chapter 7

23. De Marinis E, Martini C, Trentalance A, Pallottini V. Sex differences in hepatic regulation of cholesterol 
homeostasis. J Endocrinol. 2008;198: 635-643. 

24. Paul TK, Srinivasan SR, Wei C, Li S, Bhuiyan AR, Bond MG, Tang R, Berenson GS. Cardiovascular risk 
profile of asymptomatic healthy young adults with increased femoral artery intima-media thickness: 
the Bogalusa Heart Study. Am J Med Sci. 2005;330:105-110. 

25. Lemieux I, Pascot A, Lamarche B, Prud’homme D, Nadeau A, Bergeron J, Despres JP. Is the gender 
difference in LDL size explained by the metabolic complications of visceral obesity? Eur J Clin Invest. 
2002;32: 909-917. 

26. Berenson AB, Rahman M, Wilkinson G. Effect of injectable and oral contraceptives on serum lipids. 
Obstet Gynecol. 2009;114:786-794. 



Chapter 8

Influence of preterm birth and birth size 
on gonadal function in young men 

Gerthe F. Kerkhof1; Ralph W.J. Leunissen1; Ruben H. Willemsen1;
Frank H. de Jong2; Theo Stijnen3; Anita C.S. Hokken-Koelega1 

1 Department of Pediatrics, Subdivision of Endocrinology, Erasmus MC-Sophia Children’s Hospital, 
Rotterdam, The Netherlands
2 Department of Internal Medicine, Subdivision of Endocrinology, Erasmus MC, Rotterdam,
The Netherlands
3 Department of Epidemiology and Biostatistics, Leiden University Medical Centre, Leiden, 
The Netherlands

J Clin Endocrinol Metab 94: 4243-4250, 2009



130 | Chapter 8

Abstracts

Background/Objectives: Preterm birth has been associated with reduced reproduction rates and 
being born small for gestational age (SGA) with reduced gonadal function. We hypothesized that 
alterations concerning gonadal function in young men are not due to preterm birth or being born 
SGA, but are due to other (environmental) factors. 

Methods: In 207 young men of the PROGRAM/PREMS cohort study, aged 18-24 yr, the influence 
of preterm birth, birth length, and birth weight on serum levels of anti-Mullerian hormone, 
inhibin B, testosterone, SHBG, non-SHBG-bound testosterone, LH, and FSH was analyzed with 
multiple regression modeling. In addition, markers of male gonadal function were analyzed 
in four subgroups: men born SGA with either short stature or catch-up growth, or men born 
appropriate for gestational age with idiopathic short stature or with normal stature (control). 

Results: Preterm birth and SGA did not affect gonadal function. After adjustment for age, birth 
size, adult height, fat mass, and socioeconomic status (SES), preterm birth even showed a 
positive relation with inhibin B. Higher SES was associated with higher inhibin B levels. Higher fat 
mass was associated with decreased testosterone and SHBG levels and maternal smoking with 
increased LH and non-SHBG-bound testosterone levels. After adjustment for confounders, there 
were no significant differences in gonadal function between the subgroups. 

Conclusion: Preterm birth and SGA did not affect gonadal function in young men. Factors that 
affected gonadal function were lower SES, a higher fat mass, and maternal smoking during 
pregnancy. 
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Introduction

Preterm birth has been associated with chronic diseases in later life, such as type 2 diabetes, 
and hypertension.1 Only limited research has been performed regarding the influence of 
preterm birth on gonadal function. Recently, a longitudinal study in Norway showed a reduced 
reproduction rate in men born preterm; this diminished reproduction improved with increasing 
gestational age.2 It is unknown whether this effect is related to marital status, lower social class, 
or reduced gonadal function.
 Controversies exist concerning the relation between birth size and gonadal function. 
Alterations indicating a reduced gonadal function in males born small for gestational age (SGA) 
were found, such as a smaller testicular size and a decreased testosterone level in post pubertal 
boys and increased serum FSH in infancy.3, 4  In contrast, others did not find significant differences 
in gonadal function between boys born SGA and those born appropriate for gestational age 
(AGA).5,6 Even elevated serum levels of inhibin B in men born SGA were reported.7

 We hypothesized that both preterm birth and small birth size for gestational age do not 
reduce male gonadal function in young adulthood. Differences concerning gonadal function 
between subgroups in previous studies might be caused by lack of adjustment for confounders 
such as fat mass and socioeconomic status (SES). To test our hypothesis, we investigated the 
influence of preterm birth, birth weight, birth length, adult height, fat mass, SES, and maternal 
smoking during gestation on several markers of gonadal function in a large group of male subjects 
aged 18-24 yr. We determined LH, FSH, inhibin B, testosterone, anti-Müllerian hormone (AMH), 
and SHBG.8-12 
 In addition, we investigated whether gonadal function differed among four clinically relevant 
subgroups of young adult men: men with a short stature born SGA (SGA-S), men with a normal 
stature born SGA (SGA-CU), men with an idiopathic short stature (ISS) and a control group of men 
born AGA (control). 

Subjects and Methods 

Subjects 
The PROGRAM/PREMS study cohort consists of 207 healthy men with an age range between 18 
and 24 yr. Participants were recruited from hospitals in The Netherlands, where they had been 
registered because of being born prematurely (<36 wk gestational age), being small at birth (SGA 
with a birth length <-2 SD)13 or showing short stature (with an adult height <-2 SD after being 
born SGA or AGA).14 In addition, healthy subjects (neither small at birth nor having short stature) 
from schools with different educational levels were randomly asked to participate as controls. 
This design was purposely chosen to increase the contrast within the study population regarding 
birth size and adult stature. Figure 1 shows a flow chart; the participation rate of the PROGRAM/



132 | Chapter 8

PREMS study cohort was 79.5%. All participants fulfilled the same inclusion criteria: 1) age 18-24 
yr; 2) born singleton; 3) Caucasian; 4) uncomplicated neonatal period without signs of severe 
asphyxia (defined as an Apgar score below three after five min), without sepsis or long-term 
complications of respiratory ventilation, such as bronchopulmonary dysplasia; and 5) maximum 
duration of respiratory ventilation and/or oxygen supply in the neonatal period of two weeks. 
Subjects were excluded if they had been suffering from any serious complication or condition 
(including necrotizing enterocolitis, intraventricular hemorrhage with a degree of three or more, 
spastic hemiplegia, or quadriplegia), from any disease or had received any treatment known 
to interfere with growth (e.g. growth hormone deficiency, severe chronic illness, emotional 
deprivation, GH treatment, treatment with glu cocorticosteroids, radiotherapy) or if they had 
endocrine or metabolic disorders, chromosomal defects, syndromes, or serious dysmorphic 
symptoms suggestive for a yet unknown syndrome. Participants were excluded from the present 
study if they had disorders (e.g. hypopituitarism) or used medication that might affect gonadal 
function or when they had undergone orchiopexy.

490 Par�cipants

3 Excluded*

280 Females

616 Young adults invited

126 non-par�cipant

210 Males

207 Males

Figure 1. Flowchart of the PROGRAM/PREMS study cohort. 
* Excluded from present study due to orchiopexy, hypopituitarism or medication use affecting gonadal function. 

Birth data regarding gestational age and birth size were taken from records of hospitals, 
community health services, and general practitioners. Information regarding SES, smoking, 
alcohol use, and gestational smoking was obtained using questionnaires, which were answered 
by the participant and his mother (including questions about gestation). Education level of the 
participant was used as a socioeconomic indicator to determine SES.15 
 The Medical Ethics Committee of Erasmus Medical Centre (Rotterdam, The Netherlands), 
approved the study. Written informed consent was obtained from all participants. 
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Based on the SD-scores (SDS) of birth length and adult height, the participants were assigned to 
one of four subgroups. To increase statistical power for subgroup comparisons, the cutoff values 
of normal birth length and adult height were set at above -1 SDS (± 0.1 SDS). Of 207 participants, 
140 were included in one of the four subgroups: 1) subjects born SGA (<-2 SDS) with a short adult 
height (<-2 SDS) (SGA-S) (n=18); 2) subjects born SGA (<-2 SDS) with catch-up growth resulting in 
a normal adult height (>-1 SDS) (SGA-CU) (n=38); 3) subjects born at term and AGA (birth length 
>-1 SDS) with growth retardation resulting in a short adult height (<-2 SDS)(ISS) (n=16); and 4) 
subjects born AGA (birth length >-1 SDS) and a normal adult height (>-1 SDS) (controls) (n=68). 

Measurements 

All participants visited the Erasmus Medical Centre in Rotterdam. They had been fasting for at 
least 12 h and had abstained from smoking and alcohol for at least 16 h. Height was measured 
to the nearest 0.1 cm by a Harpenden stadiometer, and weight was measured to the nearest 
0.1 kg by a scale (Servo Balance KA-20-150S). All anthropometric measurements were performed 
twice, and the mean value was used for analysis. All fasting blood samples were drawn between 
0800 and 1300 h and centrifuged after clotting. 
 Fat mass was measured on one DXA machine (Lunar Prodigy, GE Healthcare, Chalfont St 
Giles, UK). Quality assurance was performed daily. The intra-assay coefficient of variation for lean 
tissue and fat tissue was 1.57-4.49% and 0.41-0.88%, respectively.16 

Assays 
All samples were kept frozen until assayed (-800C). Per subject, all hormone concentrations were 
analyzed in the same blood sample in the same laboratory. Inhibin B was measured using ELISA, 
intra and interassay coefficients of variation were less than 9% and 15%, respectively. AMH was 
measured using an in-house double-antibody ELISA.17 Of 37 men, the AMH levels were measured 
using the Immunotech-Coulter assay. The values from the Immunotech-Coulter assay were 
adjusted (*2.147) for comparison with the in-house ELISA. The intra and interassay coefficients 
of variation were less than 5% and 10% in the in-house ELISA and less than 5% and 8% in the 
Immunotech-Coulter assay, respectively. LH, FSH, and SHBG were measured using immunometric 
assays (Immulite 2000, Siemens DPC), the intra and interassay coefficients of variation were less 
than 5% and 12% for LH, less than 3% and 8% for FSH, and less than 7% and 9% for SHBG. 
Testosterone levels were measured by coated tube RIA (Siemens DPC); intra and interassay 
coefficients of variation were less than 7% and 9%. Non-SHBG-bound testosterone (T non-SHBG) 
was calculated using the method described by Sodergard et al.18 using a fixed albumin level of 
40 g/liter. The formulas for these calculations have been described earlier.19 
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Statistical analysis 
SDS for birth length, birth weight, adult height, and adult weight were calculated to correct for 
gestational age and age.13,14 Due to a skewed distribution, AMH, testosterone, SHBG, LH, and FSH 
concentrations were log-transformed. 
 The associations between birth size and various gonadal parameters were analyzed with 
multiple regression modeling. Birth length SDS, adult height SDS, and an interaction term for 
birth length SDS and adult height SDS were added to all models because the study cohort had 
been selected on the basis of birth length and adult height.20 This ensured that the effect of 
these variables was modeled correctly. For the first models, we entered age, preterm birth (born 
<36 wk gestation) and birth weight SDS (model 1). In the second models, we added adult weight 
SDS (model 2). Thirdly, we replaced weight SDS for fat mass (model 3). Finally, we added SES to 
the models (model 4). Smoking and alcohol use were added to the last models, but these factors 
had no significant effects. 
 We also performed multiple regression analysis to determine the effect of maternal smoking 
during gestation on gonadal parameters, corrected for age, preterm birth, birth length SDS, birth 
weight SDS, adult height SDS, fat mass, and SES. 
 In all regression models, the variance inflation factor was determined to evaluate collinearity 
among covariates. The variance inflation factor was less than 4.0 for each covariate in each 
model, indicating that collinearity did not substantially influence the regression estimates.21

 ANOVA was used to determine whether there were differences between subgroups with 
regard to group characteristics. Bonferroni correction was used for pairwise group comparisons. 
A Kruskal-Wallis test was used to determine associations between preterm birth/subgroups and 
SES. To determine which subgroups differed significantly regarding SES, the Kruskal-Wallis test 
was performed pairwise. To be able to compare the gonadal parameter levels of the present 
study to those of previous studies, unadjusted parameter levels of SGA-S and SGA-CU were 
compared with those of controls, selecting the subgroups on birth weight SDS instead of birth 
length SDS (using the same cutoff values). 
 To determine differences in gonadal function between the four subgroups, an analysis of 
covariance model was used with controls as reference group and SGA-S, SGA-CU, and ISS as 
dummy variables, adjusted for age (model A). Stepwise additional adjustment was performed 
for adult height SDS (model B), fat mass (model C), preterm birth (model D), and SES (model E). 
Adjustment for adult height SDS was done to determine differences in subgroups independent 
of adult height. In the final model (model F), adjustment for height SDS was removed to compare 
subgroups in a more clinically relevant manner. 
 Statistical package SPSS version 15.0 (SPSS, Inc., Chicago, IL) was used for analysis. Results 
were regarded statistically significant if P was <0.05. 
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Results 

The clinical characteristics of the total study population and subgroups are shown in Table 1. The 
mean age (SD) of the study population was 20.9 (1.7) yr. 

Table 1. Clinical characteristics of men in the PROGRAM/PREMS study 

Subgroups 

Preterm  Term  SGA-S  SGA-CU  ISS  Controls

n  85  122  18  38  16  68

Birth length SDS)  1.07 (1.9)  1.50 (1.4)  3.2 (1.0)c,d 2.8 (0.7)c,d  0.5 (0.44)f  0.3 (0.8) 

Birth weight (SDS)  0.14 (1.9)a  1.27 (1.4)  2.15 (1.0)c,d  2.2 (0.9)c,d  0.4 (0.8)e  0.5 (1.3)

Gestational age (wk)  32.0 (2.1)a  39.3 (1.6)  37.4 (3.1)  36.3 (3.4)g  39.7 (1.3)c  35.5 (4.1)

Age (yr)  21.0 (1.7)  20.9 (1.6)  21.0 (1.9)  21.1 (1.7)  20.7 (1.7)  20.9 (1.7)

Height (cm)  180.9 (6.5)a  175.4 (8.8)  165.7 (4.3)c,h  182.4 (4.4)d  166.9 (2.8)c  184.0 (4.8)

Height (SDS)  0.40 (0.9)a  1.15 (1.2)  2.5 (0.6)c,h  0.2 (0.6)d  2.4 (0.4)c  0.05 (0.7)

Weight (kg)  72.3 (11.0)  69.1 (12.8)  61.3 (8.8)c,h  76.2 (11.6)d  60.4 (11.3)c  76.3 (11.4)

Weight (SDS)  0.30 (1.1)b  0.68 (1.4)  1.6 (1.0)c,h  0.1 (1.1)d  1.7 (1.3)c  0.1 (1.0)

Fat mass (kg)  12.9 (9.2)  11.8 (7.8)  11.0 (5.5)  14.5 (8.6)  11.8 (9.0) 13.8 (10.4)

Fat mass (%)  16.8 (8.5)  16.3 (7.9)  17.4 (6.5)  18.2 (8.3)  18.1 (10.5)  17.0 (9.0)

SES (%)

1  14.1  12.7  20.0  27.3  7.1  3.4

2  28.1  25.5  40.0  21.2  42.9  20.3

3  57.8  61.8  40.0  51.5  50.0  76.3 

Data are expressed as mean (SD) or percentage. a P<0.001 compared with term. b P<0.05 compared with term. c P<0.001 
compared with controls. d P<0.001 compared with ISS. e P<0.05 compared with controls. f P<0.01 compared with controls. 
g P<0.05 compared with ISS. h P<0.001 compared with SGA-CU. 

Preterm born men had a higher birth weight SDS and weight SDS and were taller than men born 
at term. The ISS group had a higher mean gestational age than the controls because this group 
consisted of only men born at term (39.7 wk vs. 35.5 wk; P<0.001). There was no significant 
difference in SES between preterm and term born men. However, there was a significant 
difference between subgroups with regard to SES (P=0.007), with SGA-S and SGA-CU having a 
lower SES than controls (P=0.004 and P=0.005, respectively). Unadjusted serum levels of gonadal 
parameters for men born preterm vs. term are shown in Table 2. The preterm born men had 
higher serum inhibin B levels (P=0.002). Furthermore, there were no differences between 
preterm and term born men regarding gonadal function. 
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The associations of preterm birth and birth size with various gonadal parameters were analyzed 
using multiple regression modeling (Table 3). This indicated that in the total study population 
preterm birth might have an effect on Sertoli cell function; in the final model (4), preterm birth 
was positively related with serum inhibin B levels (P=0.044) after adjustment for age, birth length 
SDS, birth weight SDS, adult height SDS, fat mass, and SES. Birth weight and birth length did not 
have a significant influence on any of the gonadal parameters. In the final model, a higher SES 
was positively related with inhibin B levels (P=0.042) and negatively with FSH levels (P=0.009). 
Fat mass, adjusted for adult height SDS, had an inverse relation with serum testosterone and 
SHBG levels, also after adjustment for age, preterm birth, birth length SDS, birth weight SDS, 
and SES (P<0.001). Adult height SDS showed a relation with SHBG levels; however, this relation 
disappeared after entering fat mass instead of adult weight SDS. The models with AMH, non-
SHBG-bound testosterone, and LH as dependent factor were not significant. Smoking and alcohol 
use of the participants were added to the last models, but these factors had no significant effects 
(data not shown). 
 Multiple regression analysis showed that maternal smoking during gestation was significantly 
associated with higher serum LH levels (P<0.001), also after adjustment for age, preterm birth, 
birth length SDS, birth weight SDS, adult height SDS, and fat mass (Table 4). This significant effect 
remained after additional adjustment for SES. Although maternal smoking did not have an effect 
on testosterone and SHBG levels, it was significantly associated with higher serum level of non-
SHBG-bound testosterone. Furthermore, maternal smoking during gestation did not influence 
inhibin B, AMH, and FSH levels. 
 There were no differences among the subgroups in unadjusted serum levels of gonadal 
parameters, except for inhibin B (Table 2). SGA-S and SGA-CU had lower inhibin B levels than ISS 
and controls, which reached significance in SGA-CU (P=0.032 and P=0.015, respectively). Inhibin 
B levels also differed between SGA-CU and controls after selection for birth weight SDS instead 
of birth length SDS (P=0.018). However, all median gonadal parameters were within the normal 
range for adult men. 
 Table 5 shows the results of the analysis of covariance to compare subgroups after adjustment 
for age, adult height SDS, fat mass, preterm birth, and SES. SGA-CU had lower serum inhibin B 
levels than controls when corrected for preterm birth, adult height SDS, and fat mass (P=0.026), 
but this significant difference disappeared after additional adjustment for SES (model E). In model 
A, SGA-S also showed lower inhibin B levels than controls (P=0.011), but after adjustment this 
was no longer significant. ISS subjects had higher inhibin B levels than controls after adjustment 
for age, fat mass, preterm birth, and SES (model F). However, this difference was not significant 
after additional adjustment for height SDS (model E). There were no significant differences 
between the subgroups regarding AMH, testosterone, SHBG, non-SHBG-bound testosterone, LH, 
and FSH in any of the models. 
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Table 4. Multiple regression analysis: the effect of maternal smoking on gonadal parameters adjusted 
for fat mass, SES, and other confounders 

Fat mass  
(kg) 

Maternal  
smoking 

SES Adjusted 
R2

Dependent variables β P β P β  P 

LH (U/liter)a -0.01 n.s. 0.44 <0.001 0.076

-0.01 n.s. 0.45 <0.001 0.04 n.s. 0.071

Ta -0.01 <0.001 0.09 n.s. 0.163

-0.01 <0.001 0.10 0.091 0.032 n.s. 0.162

SHBGa -0.02 <0.001 -0.06 n.s. 0.163

-0.02 <0.001 -0.07 n.s. -0.01 n.s. 0.157

T non-SHBG -0.07 0.012 1.49 0.016 0.048

-0.06 0.029 1.63 0.009 0.516 n.s. 0.057
Table shows only the significant models. Non-significant dependent variables: Inhibin B, AMH, FSH. All models include an 
adjustment for age, preterm birth, birth weight SDS, birth length SDS, adult height SDS, and the interaction term for birth 
length SDS and adult height SDS (all n.s.). Number of missing data: fat mass, n=3; maternal smoking, n=60; SES, n=33. 
Significant P values are given in bold. n.s., Not significant (P>0.10); , regression coefficient; T, testosterone. a Log-transformed. 

Table 5. Differences in inhibin B levels between subgroups after adjustment for confounders 

Inhibin B (ng/liter) 

Model A Model B Model C Model D Model E Model F

Variables β  P β  P  β  P  β  P  β  P  β  P 

SGA-S -60.7  0.011 -62.1  n.s.  -61.7  n.s  -55.5  n.s  -45.3  n.s.  -43.0  0.077 

SGA-CU  -46.7  0.010 -46.8 0.011  -43.9  0.015  -39.5  0.026  -32.1  0.081  -31.9  0.078 

ISS 44.7 0.086 43.4  n.s.  45.7  n.s.  60.2  n.s.  66.8  0.086  68.9  0.010 

Adjusted R2  0.107  0.099  0.134  0.170  0.177  0.185 
Significant P values are given in bold. n.s. = not significant (P>0.10); β = regression coefficient. Model A is corrected for age. 
Model B is corrected for age, adult height. Model C is corrected for age, adult height, fat mass (kg). Model D is corrected for 
age, adult height, fat mass (kg), preterm birth. Model E is corrected for age, adult height, fat mass (kg), preterm birth, SES. 
Model F is corrected for age, fat mass (kg), preterm birth, SES. 

Discussion 

In this cohort study, we investigated the influence of preterm birth and birth size on gonadal 
function of men in early adulthood. There were no adverse effects of preterm birth and small 
birth size for gestational age on gonadal function. Preterm birth even had a positive association 
with serum levels of inhibin B. 
 Other factors showing a significant relation with gonadal function in young men were SES, 
fat mass, and maternal smoking during gestation. Higher SES was associated with higher inhibin 
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B levels and lower FSH levels; fat mass was inversely related with testosterone and SHBG levels; 
and maternal smoking during gestation was associated with higher LH-and non-SHBG-bound 
testosterone levels. Thus, preterm birth and SES influenced Sertoli cell function, and fat mass as 
well as maternal smoking during gestation influenced Leydig cell function. 
 From our results we can conclude that preterm birth does not lead to a worse gonadal 
function in young men. Until now only limited research has been performed regarding the 
influence of preterm birth on gonadal function. It was reported that gestational age had an effect 
on FSH and LH levels in infancy.22,23 However, this relation has not been studied in adulthood. 
Previous research showed diminished reproduction rate in subjects born preterm.2 Our results 
imply that it is very unlikely that this reduced reproduction rate is due to a reduced gonadal 
function, in particular because we found that men born preterm had higher inhibin B levels than 
those born at term, which remained after adjustment for various other parameters. The cause 
of this positive association is unclear, and we can only speculate about the clinical relevance of 
these findings. In fact, median inhibin B levels of both preterm and term born men were within 
the normal range (150-400 ng/liter). Future sperm analysis in young men might further unravel 
the relationship between preterm birth and Sertoli cell function. 
 Low birth weight or low birth length for gestational age did not influence gonadal function 
of men in early adulthood. These results are in line with previous studies.5,6,24 We found lower 
serum inhibin B levels in normal statured men born SGA (SGA-CU), but these levels were 
within the normal range, and the difference disappeared after adjustment for SES. Some 
studies demonstrated an influence of birth size on gonadal function or subfertility in subgroup 
comparisons or a relationship between birth size and testis function.4,25,26 However, none of these 
studies adjusted for SES, which might explain the differences in results, especially concerning 
inhibin B levels. 
 This is the first study showing a relationship between SES and Sertoli cell function. Lower SES 
was related with lower inhibin B levels and higher FSH levels. This relationship even remained 
significant after adjustment for smoking and alcohol use. An explanation of this finding could 
be that there are nutritional and environmental differences due to SES. Endocrine disrupters 
have been shown to affect pubertal development, and subjects with a lower SES might be more 
exposed to endocrine disrupters, for example by inadequate eating habits.27,28 Although SES did 
have an effect on inhibin B, it had no effect on AMH, which is also produced by the Sertoli cells. 
This might be explained by the relationship between spermatogenesis and inhibin B, which is not 
found for AMH (de Jong, F. H., unpublished observation). 
 Using DXA measurements, we were able to measure fat mass. Both weight and fat mass, 
adjusted for adult height, showed a strongly negative association with testosterone and SHBG. 
These findings are in line with several studies.29-31 One study showed lower testosterone levels in 
SGA males compared with males born AGA.4 This might suggest a decreased Leydig cell function 
in males born SGA. However, in that study weight or fat mass was not taken into account. Our 
data show that one should always adjust for weight or fat mass when evaluating differences in 
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testosterone levels between men born SGA and men born AGA, or when assessing the influence 
of birth size on testosterone levels. This is the case particularly because it was previously 
reported that SGA subjects with catch-up growth have a higher percentage of fat mass than AGA 
controls,32,33 although this difference did not reach significance in our study population. 
 Maternal smoking during gestation showed a relation with the pituitary-Leydig cell axis. It 
was positively associated with serum LH and non-SHBG-bound testosterone levels, even after 
adjustment for SES. Because LH and human chorionic gonadotropin (hCG) bind to the same 
receptor (LH receptor), a possible explanation of this finding might be the negative effect of 
maternal smoking on fetal hCG levels.34,35 The LH receptor is critical for Leydig cell differentiation, 
and if hCG levels are decreased, compensatory increased LH levels might follow to maintain 
normal testicular development. Although we did not have data on maternal smoking of the total 
group and the R2 remained low, we postulate that maternal smoking could be associated with 
altered programming of the pituitary-Leydig cell axis. Because it is known that mothers tend 
to underreport smoking during gestation when they had an adverse event during pregnancy,36 
it might well be that maternal smoking is also underreported in our group, which might have 
caused underestimation of the effect of maternal smoking during gestation on Leydig cell 
function. This was supported by the finding that the SGA-S and ISS groups had more missing data 
concerning maternal smoking than the controls (P=0.001 and P=0.026, respectively). Previous 
studies reported an influence of gestational smoking on the semen quality and testis size of 
young men.37,38 We did not find an effect of gestational smoking on Sertoli cell function, which 
could imply that the reported effect on semen quality is caused by impairment of other factors, 
such as germinative epithelium and accessory sex glands.38 To our knowledge, a relation between 
maternal gestational smoking and LH levels and non-SHBG-bound testosterone has never been 
reported. 
 Subgroup comparisons showed that ISS subjects had higher inhibin B levels than controls 
after adjustment for age, fat mass, preterm birth, and SES, even in the relatively small number 
of ISS subjects. This difference was not significant after additional adjustment for height SDS, 
which implies that height might be of influence on inhibin B levels. Also, in multiple regression 
modeling, the effect of height on inhibin B levels was almost significant (P=0.08). There are no 
previous studies on gonadal function and in particular on the inhibin B levels in (untreated) 
males with ISS. However, previous studies showed no influence of GH therapy on testicular size in 
boys with ISS and no influence of GH therapy on inhibin B levels in boys born SGA.39 This indicates 
that the influence of height on inhibin B levels is unlikely due to altered GH levels. 
 We had the opportunity to perform comparisons between subgroups with regard to 
gonadal function in the largest study of young men so far. We have chosen a study population 
that consisted of a relatively large percentage of subjects born preterm and/or SGA compared 
with the normal population. This results in a better statistical model because there was more 
contrast in the study population, so relationships between various factors could be detected with 
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more statistical power. Another advantage of this study population is that it allows comparison 
between clinically relevant subgroups. 
 In conclusion, our study in 207 young men showed that preterm birth and small birth size 
for gestational age did not have a negative effect on gonadal function. The factors that did affect 
gonadal function were: SES, fat mass, and maternal smoking during gestation. However, in our 
population all median values of gonadal parameters remained within normal ranges for adult 
men and the R2 remained low. Comparison of clinically relevant subgroups showed that after 
adjustment for age, adult height, fat mass, preterm birth, and SES, there were no differences 
with regard to serum inhibin B, testosterone, SHBG, non-SHBG-bound testosterone, LH, and FSH 
levels. Our findings should be confirmed by other studies. However, in public health perspective 
our data show that exaggerated fat accumulation during childhood and maternal smoking during 
gestation should be prevented in order not to disturb future testicular function. 
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Abstract 

Background/objectives: Preterm birth has been associated with reduced reproduction rates, 
and controversies remain regarding the effect of being born small for gestational age (SGA) on 
ovarian function. Recent findings in young men showed no effect of preterm and SGA birth on 
testis function. We hypothesised that follicle pool size in young adult women is also not affected 
by preterm and SGA birth. 

Design/methods: In 279 young women of the PROGRAM/PREMS study, aged 18–24 years, the 
influence of gestational age, birth length and birth weight on serum levels of anti-Müllerian  
hormone (AMH) was analysed with multiple regression modelling. Additionally, AMH levels were 
analysed in preterm versus term born females and in three subgroups: females born SGA with 
either short stature or catch-up growth (SGA-CU), and females born term and appropriate for 
gestational age with normal stature (AGA controls). 

Results: Preterm and SGA birth did not affect AMH and other hormone levels. Older age 
at menarche and oral contraceptive pill use (OC-use) were related to lower AMH levels, and 
maternal smoking during gestation was related to higher AMH levels. After correction for 
maternal smoking, lower socioeconomic status (SES) was associated with lower AMH levels. In 
subgroup comparisons, SGA-CU women showed higher AMH levels than AGA controls, also after 
adjustment for several factors. 

Conclusion: Preterm and SGA birth did not affect AMH levels. Factors associated with serum 
AMH levels were OC-use, age at menarche, maternal smoking during gestation and SES. We 
conclude that preterm and/or SGA born females are not likely to have a reduced follicle pool size. 
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Introduction 

Controversies exist regarding the association between preterm and small for gestational age 
(SGA) birth and abnormal ovarian function in adulthood. Some studies showed smaller ovaries 
and uterus in infant and adolescent women born SGA.1,2 Others found no differences in ultrasonic 
measurements of the uterus and ovaries in girls born SGA;3 neither did intrauterine growth 
retardation (IUGR) affect the ovarian volume of fetuses nor the volume percentage of follicles in 
the ovaries.4 

 With regard to the relationship between preterm birth and ovarian function, less research 
has been performed. Preterm birth might affect gonadal function, as reduced reproduction 
rates have been reported in men and women who had been born preterm.5 However, this lower 
reproduction rate in women could be a consequence of altered environmental factors related to 
socioeconomic status (SES), rather than reduced gonadal function, as has been demonstrated 
in men.6 As a consequence of undernutrition causing altered programming of the fetus and 
SGA birth, one might expect a negative effect of SGA birth on gonadal function.7 However, we 
previously demonstrated that preterm and SGA birth did not affect inhibin B levels and other 
gonadal parameters in young men.6 In young women, the association between preterm and SGA 
birth and ovarian function has not been studied. Because we did not expect the influence of SGA 
and preterm birth in women to be different from that in men, we hypothesised that the size of 
the follicle pool in young adult women is not affected by preterm and/or SGA birth. 
 To test our hypothesis, we investigated the effects of gestational age at birth, birth weight 
(BW) SDS, birth length (BL) SDS and adult size on serum anti-Müllerian hormone (AMH), in a large 
group of 279 women aged 18-24 years. AMH is correlated with the number of growing follicles 
and indirectly correlated with the primordial follicle pool.8 It is a marker of the follicle pool size, 
which decreases with age and is undetectable after menopause.8,9 Most studies showed that 
AMH levels are independent of menstrual cycle,10-12 but controversies still exist.13 
 In addition, serum AMH levels were investigated after dividing the total study population into 
women born either preterm or term and into three clinically relevant subgroups of young adult 
women: women with either a short or a normal stature born SGA, and a group of women with a 
normal stature born term and appropriate for gestational age (AGA controls). 

Subjects and methods 

Subjects 
The PROGRAM/PREMS study cohort consists of 279 healthy female participants aged 18-24 years. 
The subjects who were asked to participate were selected using registration data from academic 
hospitals in the Netherlands. They were selected because of being born preterm (gestational age 
<36 weeks), being small at birth (SGA with a BL <-2 SDS)14 or showing short stature (after being 
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born SGA or AGA with an adult height <-2 SDS).15 In addition, healthy subjects were randomly 
asked to participate as controls. They were randomly recruited by advertising in newspapers, 
public transport, schools with different educational levels, festivals, etc. to avoid selection bias. 
The participation rate of the PROGRAM/PREMS study cohort was 79.5%.6 All subjects fulfilled the 
same inclusion criteria age 18-24 years, born singleton, Caucasian, an uncomplicated neonatal 
period without signs of severe asphyxia (defined as an Apgar score below three after five min), 
without sepsis or long-term complications of respiratory ventilation such as bronchopulmonary 
dysplasia, maximum duration of respiratory ventilation and/or oxygen supply in the neonatal 
period of two weeks. Subjects were excluded if they suffered or had suffered from any serious 
condition (including heart, lung, neurological, gastrointestinal and kidney disease), serious 
complication (including necrotizing enterocolitis, intraventricular haemorrhage with a degree 
of three or more, spastic hemiplegia or quadriplegia) or had been subjected to any condition 
or treatment known to interfere with growth (e.g. growth hormone treatment, treatment with 
glucocorticosteroids, radiotherapy, GH deficiency, severe chronic illness, emotional deprivation), 
or if they had endocrine or metabolic disorders, chromosomal defects, syndromes or serious 
dysmorphic symptoms suggestive of a yet unknown syndrome. 
 Birth data were collected from medical records of hospitals, community health services and 
general practitioners. Information regarding SES, smoking, alcohol use, maternal smoking during 
gestation and presence of irregular menstrual cycle (before the start of oral contraceptive pill use 
(OC-use)) was obtained using questionnaires, which were answered by the participant and her 
mother (including questions about gestation). Menstrual regularity was defined as a menstrual 
cycle length of 21-35 days. Age at menarche was also determined using questionnaires. Previous 
research showed that recalled and actual age at menarche correlate well in young women.16 
Educational level of the participant was used as socioeconomic indicator to determine SES 
(categorised as low, medium and high; range 1-3).17 The Medical Ethics Committee of Erasmus 
Medical Centre, Rotterdam, the Netherlands, approved the study. Written informed consent was 
obtained from all the participants. 
 Based on the SDS of BL and adult height, the total study group of 279 women was also 
divided into three subgroups. To increase the statistical power for subgroup comparison, the cut-
off values for small birth size and short adult height were set at <-2 SDS, and the cut-off values 
for normal birth size and normal adult height were set at >-1 SDS. Based on these cut-off values, 
a total of 137 participants were included in one of the three subgroups: 

 − Subjects born SGA (BL <-2 SDS), either preterm or term, with a short adult height (<-2 SDS) 
(SGA-S): n=31, 

 − Subjects born SGA (BL <-2 SDS), either preterm or term, with catch-up growth resulting in a 
normal adult height (>-1 SDS) (SGA-CU): n=56, 

 − Subjects born AGA (BL >-1 SDS), term, with a normal adult height (>-1 SDS) (AGA controls): 
n=50. 
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To study the effect of preterm birth, women were also divided based on preterm or term birth. 
The preterm group comprised of women with a gestational age <36 weeks. The term group 
comprised women with a gestational age ≥36 weeks. 

Measurements 
All the participants visited the Erasmus Medical Centre in Rotterdam. They had been fasting for 
at least 12 h and had abstained from smoking and alcohol for at least 16 h. Height was measured 
to the nearest 0.1 cm using a Harpenden stadiometer and weight to the nearest 0.1 kg using 
scales (Servo Balance KA-20-150S). All anthropometric measurements were performed twice, 
and the mean value was used for analysis. All fasting blood samples were drawn between 0800 
and 1300 h and centrifuged after clotting. Fat mass (FM) was measured on a single DXA machine 
(Lunar Prodigy, GE Healthcare, Chalfont St Giles, UK). Quality assurance was performed daily. 
The intra-assay coefficients of variation (CV) for lean tissue and fat tissue was 1.57-4.49 and 
0.41-0.88% respectively.18

Assays 
All samples were kept frozen (-800C) until assayed. Per subject, all hormone concentrations were 
analysed in the same blood sample at the same laboratory. The AMH levels were measured 
using the Diagnostic System Laboratories (DSL) ELISA (Inc., Webster, TX, USA).19 For 33 women, 
the values were adjusted (*3) because another DSL kit was used. The intra and inter-assay CV 
were <5 and 10% respectively. In 156 of 279 subjects, serum sex hormone-binding globulin 
(SHBG), testosterone, non-SHBG-bound testosterone and androstenedione were additionally 
determined. This group consisted of 93 OC-users and 62 non-OC-users. To ensure that LH and 
FSH were determined during the same phase of the menstrual cycle in all participants, LH and 
FSH were only determined in women who visited the hospital during day 3-6 of the menstrual 
cycle (n=21), or in the pill-free period in the case of OC-use (n=78). 
 LH, FSH, SHBG and androstenedione were measured using immunometric assays (Immulite 
2000, Siemens DPC, Los Angeles, CA, USA); the intra and inter-assay CV were <5 and 12% for 
LH, <3 and 8% for FSH and <7 and 9% for SHBG. Testosterone was measured by coated tube RIA 
(Siemens DPC); the intra and inter-assay CV were <7 and 9%. Non-SHBG-bound testosterone was 
calculated using the method described by Sodergard et al.20 using a fixed albumin level of 40 g/l. 
The formulas for these calculations have been previously described.21 

Statistical analysis 
SDS for BL, BW, adult height and adult weight were calculated, to correct for gestational age and 
age.14,15 Owing to a skewed distribution, AMH, LH, FSH, SHBG, testosterone and non-SHBG-bound 
testosterone were log transformed; for all log transformations, natural log was used. 
 The associations of birth size and gestational age with AMH levels were analysed with multiple 
regression modelling. BL SDS, adult height SDS and an interaction term for BL SDS and adult height 
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SDS were added to all models because the study cohort had been selected on the basis of BL and 
adult height.22 This ensured that the effect of these variables was modelled correctly. For the first 
model, we entered age, gestational age, BW SDS (model 1). Because recent findings suggested 
an influence of OC-use on AMH levels, we adjusted for OC-use in model 1.23 In the second model, 
we additionally corrected for FM (kg) (model 2) because obesity has been previously related to 
serum AMH levels.24 Thirdly, we added age at menarche to the model (model 3), and finally SES 
was added (model 4). We also performed multiple regression analysis to determine the effect 
of maternal smoking during gestation on AMH after correction for age, gestational age, BW SDS, 
OC-use, FM, age at menarche and SES. Because maternal smoking was only known for 231 of 
the 279 subjects in the total group, we performed a separate analysis (model 5). Unstandardised 
coefficients (β) are shown in the tables. 
 Smoking and alcohol use of the participants were added to the last models, but these factors 
had no significant effects and did not influence the results (data not shown). In addition, we 
performed similar stepwise regression modelling (models 1-4) using LH, FSH, SHBG, testosterone, 
non-SHBG-bound testosterone and androstenedione as dependent variables. 
 ANOVA was used to determine if there were differences between subgroups, and preterm-
versus term-born women with regard to group characteristics. Post hoc Bonferroni’s correction 
was used for pairwise group comparisons. A Kruskal-Wallis test was used to determine associations 
between preterm birth/ subgroup and OC-use, proportion of mothers smoking during pregnancy 
and SES, and to determine the association between maternal smoking during gestation and SES. 
To determine which subgroups differed significantly regarding SES, the Kruskal-Wallis test was 
performed pairwise. Subgroup comparisons were not done for LH and FSH because the sizes of 
the subgroups were too small. To determine differences in AMH, SHBG, testosterone, non-SHBG-
bound testosterone and androstenedione levels between the subgroups, an ANCOVA model was 
used with AGA controls as reference group and SGA-S and SGA-CU as dummy variables, adjusted 
for age, OC-use and gestational age (model 1). To avoid over adjustment for gestational age in 
ANCOVA analysis, the AGA women born preterm were included in the AGA control group. This 
resulted in a total number of 76 subjects in the reference group. Stepwise additional adjustment 
was performed for FM (model 2), age at menarche (model 3) and SES (model 4). Maternal 
smoking during gestation was studied in a separate analysis (model 5). Smoking and alcohol use 
were added to the last models, but these factors did not influence the results of the subgroup 
comparisons. 
 Statistical package SPSS version 15.0 (SPSS, Inc., Chicago, IL, USA) was used for analysis. 
Results were regarded statistically significant if P was <0.05. 
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Results 

Total study population 
Table 1 shows the clinical characteristics of the total study population. Table 2 shows unadjusted 
median (interquartile range) hormone levels of the total study population. The results of 
multiple regression analysis are shown in Table 3. Gestational age, BW SDS and BL SDS were not 
significantly associated with AMH levels. OC-use had an inverse association with AMH in each 
model (P<0.001). In model 3, age at menarche was added, which showed a significant inverse 
association with AMH levels (P=0.004). Smoking and alcohol use of the participants were added 
to the last models, but these factors had no significant effects and did not influence the results. 
Although several parameters showed a significant influence on AMH, the adjusted R2 remained 
low (R2=0.15 in model 4). 

Table 1. Clinical characteristics of women in the PROGRAM/PREMS study and unadjusted differences 
between subgroups. Values are given as mean (SD) 

Study group 

Total  
(n=279) 

Preterm 
(n=84) 

Term  
(n=195) 

SGA-S  
(n=31) 

SGA-CU 
(n=56) 

AGA controls 
(n=50) 

BL (SDS) -1.5 (1.6) -1.4 (1.9)‡ -1.5 (1.5) -2.9 (0.7)‡ -3.0 (0.9)‡ 0.06 (0.8) 

BW (SDS) -1.0 (1.5) -0.77 (1.7)*,§ -1.2 (1.4) -2.0 (1.0)‡ -2.4 (0.8)‡ -0.15 (1.2) 

GA (weeks) 37.0 (3.8) 32.0 (2.3)†,‡ 39.1 (1.7) 38.6 (3.2)¶ 35.9 (3.3)‡ 39.4 (1.7) 

Age (years) 20.7 (1.7) 20.5 (1.6) 20.8 (1.7) 20.8 (1.8) 20.6 (1.6) 20.7 (1.8) 

Height (cm) 165.0 (8.7) 167.7 (6.5)†,‡ 163.8 (9.2) 153.6 (3.3)‡,¶ 169.9 (4.6)|| 173.0 (6.2) 

Height (SDS) -0.84 (1.3) -0.43 (1.0)†,‡ -1.0 (1.4) -2.6 (0.5)‡,¶ -0.12 (0.7)|| 0.41 (1.0) 

Weight (kg)  61.4 (11.3) 63.3 (11.3) 60.6 (11.2) 56.2 (11.9)a,|| 64.5 (13.6) 65.0 (8.6) 

Weight (SDS) -0.46 (1.4) -0.21 (1.3)* -0.57 (1.4) -1.2 (1.6)‡,a -0.10 (1.3)‡ 0.10 (0.94) 

BMI (kg/m2) 22.6 (4.0) 22.5 (3.9) 22.6 (4.0) 22.5 (3.3) 23.8 (5.0) 21.7 (2.7) 

Fat mass (kg) 18.9 (8.5) 20.5 (8.5)* 18.2 (8.5) 18.8 (8.8) 20.0 (10.8) 18.3 (7.5) 

Fat mass (%) 30.2 (8.5) 31.8 (7.9)*,|| 29.4 (8.6) 32.7 (8.1) 30.3 (8.6) 27.6 (8.2) 

Age menarche (years) 13.0 (1.4) 13.1 (1.6) 12.9 (1.4) 12.8 (1.6) 12.9 (1.4) 13.0 (1.3) 

Maternal smoking  
(% smokers) 

33.3  24.7  37.3   50.0§   45.2§  25.0  

OC-use (% users) 77.0 72.6 78.9 64.5 81.8 74.0 

SES (%) 

1 10.4 12.3   9.5 14.8  6.7  6.4 

2 25.3  32.9s 22.0  33.3s   37.8||  8.5 

3 64.3 54.8 68.5 51.9 55.6 85.1
BL, birth length; BW, birth weight; GA, gestational age; OC-use, oral contraceptive pill use; SES, socioeconomic status. *P<0.05 
compared with term, †P<0.001 compared with term, ‡P<0.001 compared with AGA controls, §P<0.05 compared with AGA 
controls, ||P<0.01 compared with AGA controls, ¶P<0.001 compared with SGA-CU, aP<0.05 compared with SGA-CU. 
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Because maternal smoking was only known for 231 of the 279 subjects in the total group, we 
performed separate analyses. Multiple regression analyses showed that maternal smoking 
during gestation was significantly associated with higher serum AMH levels after adjustment 
for age, gestational age, BW SDS, OC-use, BL SDS, adult height SDS, FM, age at menarche and 
SES (P=0.022) (Table 3, model 5). Only after correction for maternal smoking during gestation in 
model 5, SES was positively associated with AMH levels (P=0.044). 
 Table 4 summarises the results of regression analyses, using LH, FSH, SHBG, testosterone, 
non-SHBG-bound testosterone and androstenedione as dependent variables. Adult height SDS 
was positively associated with androstenedione levels (P=0.044), after correction for several 
factors including BL SDS and OC-use. The only other significant effect was OC-use, which had a 
significant effect on all parameters. Maternal smoking during gestation did not influence any of 
the additional parameters. 

Subgroup comparisons 
Clinical characteristics of the subgroups are shown in Table 1. Women born preterm had a higher 
BW SDS (P=0.043) and adult height SDS (P<0.001) than those born term. Furthermore, their 
mean weight SDS (P<0.046), percentage FM (P=0.030) and FM (kg) (P=0.038) were higher. The 
difference in SES between preterm and term born women was borderline significant (P=0.054). 
Women born preterm had a lower adult height (height (cm): P<0.001 and height SDS: P<0.001), 
a higher percentage FM than AGA controls (FM (%): P=0.004) and a lower BW SDS (P=0.037). The 
SES of AGA controls was higher than that of women born preterm (P=0.002). 
 In agreement with selection criteria, significant differences were observed between SGA-S, 
SGA-CU women and AGA controls in gestational age, BL SDS, BW SDS, height and height SDS. 
Mean gestational age of SGA-CU women was lower than that of SGA-S (P<0.001) women. SGA-S 
(P=0.003) and SGA-CU (P=0.004) women had a lower SES than AGA controls. There were no 
significant differences between subgroups regarding age at menarche and proportion of OC-
use. In both SGA subgroups (SGA-S and SGA-CU), the prevalence of maternal smoking during 
gestation was higher than in the AGA control group (P=0.035 and P=0.050 respectively). 
Furthermore, lower SES was associated with a higher proportion of mothers smoking during 
gestation (P<0.001). 
 Table 2 shows median (interquartile range) serum hormone levels of the women in the 
PROGRAM/PREMS study divided in subgroups. Preterm and term born subjects had similar 
AMH levels, also after adjustment for BL SDS, adult height SDS, BW SDS, age, OC-use, FM, age 
at menarche and SES. Preterm born women had higher non-SHBG-bound testosterone levels 
(P=0.030) and androstenedione levels (P=0.012), and lower SHBG levels (P=0.013) than term-
born women. However, there were no significant differences in serum hormone levels between 
women born preterm and AGA controls.
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SGA-CU women had the highest median AMH levels, but this difference did not reach 
significance (Table 2). The women in the SGA-S and SGA-CU subgroups more often reported an 
irregular menstrual cycle (before the start of OC-use) than AGA controls (P=0.016 and P=0.003 
respectively). 
 After adjustment for age, gestational age and OC-use, subgroup comparisons revealed 
significantly higher AMH levels in SGA-CU women than in AGA controls (Table 5: P=0.029). This 
difference remained significant after stepwise additional adjustment for FM, age at menarche 
and SES (P=0.030, P=0.026 and P=0.019 respectively). Additional adjustment for maternal 
smoking during gestation and smoking or alcohol use did not influence these results. Comparison 
of SGA-S and SGA-CU with AGA controls revealed no differences in SHBG, testosterone, non-
SHBG-bound testosterone and androstenedione levels. Also after correction for age, OC-use, 
gestational age, FM, age at menarche, SES and maternal smoking during gestation, no significant 
differences could be established between subgroups. 

Discussion 

This is the first study to investigate the influence of preterm and SGA birth on AMH levels in young 
women. There were no adverse effects of preterm and SGA birth on AMH levels, a good proxy for 
the size of the ovarian follicle pool,9-11 and on other gonadal function parameters. Older age at 
menarche and OC-use were related to lower AMH levels. Maternal smoking during gestation was 
related to higher AMH levels, after correction for SES, whereas lower SES was associated with 
lower AMH levels. Subgroup comparison showed higher AMH levels in SGA-CU women than in 
AGA controls, also after adjustment for several factors including gestational age. 
 Our study demonstrates that preterm and SGA birth did not affect serum AMH levels, and 
therefore the size of the ovarian follicle pool in young adulthood. Previously, an association was 
found between preterm birth and a reduced reproduction rate.5 Unfortunately, that study did 
not investigate serum AMH levels. From the present study, we can conclude that this was unlikely 
caused by a reduced primordial follicle pool count. An effect of gestational age on FSH and LH 
levels in infants born preterm has also been reported,25,26 but this had never been studied in 
adult women. Our study shows that gestational age does neither affect FSH nor LH levels in 
young women. This is in line with our study in young men that showed no effect of preterm birth 
on FSH and LH levels.6 
 Notably, OC-use was associated with lower AMH levels. Controversies exist with regard to the 
effect of OC-use on serum AMH levels. Some studies showed that exogenous sex steroids did not 
affect AMH levels,27 whereas others did find an effect of OC-use.23,28 In our study, the effect of OC-
use on AMH levels remained significant, even after stepwise correction for age, gestational age, 
BL SDS, BW SDS, adult height SDS, FM, age at menarche, SES, smoking, alcohol use and maternal 
smoking during gestation. Recently, it has been suggested that variation in AMH levels during the 
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normal menstrual cycle and during OC-use is most pronounced in young women. This might also 
account for the obvious differences between the current study and previous reports.13 

 We found a significant inverse association between age at menarche and AMH levels in 
young women, also after correction for several factors. One explanation might be that women 
with earlier age at menarche have a larger ovarian follicle pool which might enhance the chance 
of achieving higher oestrogen levels earlier than those with a smaller follicular pool. Research 
showed that increased oestrogen levels may promote the onset of the first menstrual bleeding.29 
Maternal smoking during gestation was also associated with higher AMH levels in young women. 
Recently, it was shown in adolescent girls that maternal smoking during gestation is associated 
with a reduced uterus size. That study did not show an effect of maternal smoking during 
gestation on serum AMH levels.30 However, the investigators did not correct their analyses for 
SES, which had significant influence in our study after correction for maternal smoking during 
gestation. Because a lower SES is related to maternal smoking during gestation and maternal 
smoking during gestation and lower SES have opposite effects on AMH, it is important to adjust 
for SES when studying the effect of maternal smoking during gestation on AMH levels. 
 After correction for maternal smoking and several other factors, lower SES was significantly 
associated with lower AMH levels. This might indicate that women with a lower SES have a 
smaller follicle pool than those with a higher SES. These data are in line with our findings in 
males. We previously showed that a lower SES was associated with lower inhibin B and higher 
FSH levels in young men.6 An explanation of the relationship between SES and gonadal function 
in females and males could be that there are nutritional and environmental differences due to 
SES. Endocrine disrupters have been shown to affect pubertal development, and subjects with 
a lower SES might be more exposed to endocrine disrupters, for example by inadequate food 
consumption.31,32 
 Recently, it was shown that both low and high-BW infants had higher AMH levels than normal 
BW infants.33 In that study, a link was suggested between IUGR and polycystic ovary syndrome 
(PCOS), possibly caused by intrauterine programming affecting reproduction function in low-BW 
infant girls. Another explanation could be the positive relationship between insulin and AMH, 
as high-BW infants as well as low-BW infants who show catch-up growth are likely to have high 
insulin levels.33,34 Other recent studies showed no relation of BW with PCOS and AMH levels.30,35 
Unfortunately, in these studies no distinction was made for infants with and without catch-up 
growth. 
 In our study, the SGA-CU subgroup showed significantly higher AMH levels than AGA controls, 
also after adjustment for several factors including SES and maternal smoking during gestation. 
Furthermore, the women in the SGA-S and SGA-CU subgroups more often reported an irregular 
menstrual cycle than those in the AGA control subgroup. This finding should not be interpreted 
rigidly, as we used questionnaires to assess menstrual irregularity, and the participants who used 
oral contraceptives had to remember their menstrual cycle before the start of OC-use. However, 
as increased serum AMH levels and irregular menstrual cycle are both associated with PCOS,8 our 
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findings in the SGA-CU group might suggest that a larger proportion of women born SGA with 
catch-up growth have early signs of PCOS. This is in line with a study in sheep demonstrating a 
PCOS-like phenotype in sheep that gained a lot of weight postnatally.36 Furthermore, women 
with PCOS, as well as SGA-CU women, have decreased insulin sensitivity.8,37 The hypothesis that 
SGA-CU women might have an increased chance to develop PCOS is not supported by the finding 
that SGA-CU women in the present study had similar testosterone and androstenedione levels 
as controls, after correction for confounders. As our study was not designed to investigate PCOS, 
we cannot draw definitive conclusions from these findings. 
 In conclusion, our study in 279 young women shows that preterm and SGA birth do not affect 
AMH levels. Catch-up growth after SGA birth might, however, be associated with increased AMH 
levels. Other factors associated with serum AMH levels were OC-use, age at menarche, maternal 
smoking during gestation and SES. Our results suggest that women born preterm and/or SGA do 
not have a smaller follicle pool size than women born at term and/or AGA, obviating the need for 
extra monitoring of ovarian function in these women. 
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In the early 90’s epidemiological studies revealed an association between low birth weight and 
increased risk for cardiovascular disease (CVD) and type 2 diabetes.1-2 These observations led to 
the initiation of studies investigating Developmental Origins of Health and Disease (DOHaD).3-21 
One of these studies comprised the PROGRAM study cohort, which was started in 2002. At time 
of initiation, the ruling hypotheses stated that fetal condition (environmentally or genetically) 
was crucial for later development of health and disease,1,22 whereas the role of postnatal factors 
remained unrecognized. In the PROGRAM study, our study group investigated associations of 
small size at birth and subsequent postnatal growth trajectories with individual determinants of 
CVD and type 2 diabetes in early adulthood. Those investigations have led to significant advances 
in our knowledge on DOHaD. Subsequently, findings from the PROGRAM study and those of 
other studies, led to recognition of the role of postnatal factors in DOHaD.8,18,23-31 
 In the studies presented in this thesis, we investigated early origins of individual as well as 
combined determinants of CVD and gonadal function, to add to the current body of knowledge on 
DOHaD. Furthermore, novel statistical approaches in this field were used to unravel mechanisms 
involved. In this chapter, the main findings of the studies described in the present thesis are 
discussed, also in the context of current literature. We will emphasize on clinical implications, 
and will also give directions for future research. 

Early life factors and risk for metabolic syndrome, type 2 diabetes, 
and CVD

Here we discuss the results of Chapters 2, 3, and 4, describing associations of preterm birth, 
size at birth, and postnatal growth with individual risk factors for type 2 diabetes, prevalence of 
metabolic syndrome, and risk factors for CVD. Both preterm birth and poor fetal growth can lead 
to small size at birth. Therefore, independent effects of gestational age as well as small birth size 
for gestational age are important in order to unravel mechanisms involved in the association of 
small birth size with CVD risk factors. In Chapter 2 we demonstrate that lower gestational age 
associates with higher systolic blood pressure, independent of birth weight SDS. In contrast, we 
report a lower diastolic blood pressure in young adults born preterm which, however, contributed 
to a higher pulse pressure.32 Furthermore, we found a higher blood pressure variability and heart 
rate in subjects born preterm, which we hypothesized to be due to an altered sympathoadrenal 
function.33 These results are in line with those of others.33-37 In order to determine whether the 
associations of gestational age with CVD risk factors can be ascribed to small for gestational 
age (SGA) birth, we additionally performed subgroup comparisons. These comparisons showed 
significant differences in blood pressure, pulse pressure, and blood pressure variability, between 
the preterm subgroups and term appropriate for gestational age (AGA) controls, which was 
irrespective of SGA birth. Because the prevalence of preterm birth and the survival rate is rapidly 
increasing, our results are of clinical relevance for an increasing number of subjects and thus 
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of major importance for public health.38 We did not find an association of preterm birth with 
Pulse Wave Velocity (PWV) and carotid Intima Media Thickness (cIMT), but it might well be 
that this effect will arise at an older age. Our data, showing that preterm birth affects several 
determinants of CVD, indicate that young adults born preterm might have increased risk for 
developing CVD, which is likely not due to being born SGA. This was confirmed by a recent study 
reporting increased cardiovascular mortality in subjects born preterm.39 
 Subsequently, we studied the hypothesis that the increased risk for CVD in subjects born 
preterm might be caused by altered early growth trajectories in infants born preterm.40-42 
Alterations in growth during the highly dynamic developmental time window after birth have 
programming effects on later health profile in subjects born term.18,43 The study described in 
Chapter 3 showed that in subjects born preterm, accelerated gain in weight relative to length 
during the period from birth to term age, as well as during the first three months after term age, 
has adverse effects on body composition in early adulthood. Most children born preterm lose 
weight for length from birth to term age, and subsequently show a marked increase in weight 
for length in the first three months after term age. We demonstrated that rapid weight gain 
after term age in subjects born preterm is an important determinant of body composition in 
later life, which is similar to results in subjects born term.18 Our results indicate that accelerated 
weight gain immediately after preterm birth should be avoided to reduce risk for obesity and 
CVD. However, one should take into account that postnatal growth impairment in infants born 
preterm has been previously associated with adverse neurodevelopmental outcome.44 The latter 
has led to concerns with regard to cognitive function after preterm birth.45-46 In contrast, one 
study reported similar developmental scores in preterm infants receiving nutrient enriched 
formula and those receiving standard formula.47 We did not find evidence that catch-up in weight 
after preterm birth is associated with educational level, but further research is warranted to 
determine the optimal postnatal weight trajectory after preterm birth to guarantee optimal 
neurodevelopment but avoid adverse effects on later body composition.

In Chapter 4 we describe the study where we investigated mechanisms involved in the reported 
association of small birth size with metabolic syndrome (MetS) components and other metabolic 
parameters in early adulthood. Our results indicate again that the most important determinant 
of MetS is gain in weight relative to length SDS in the first three months of life, as this was 
associated with a higher number of MetS components and MetS prevalence at the age of 21 
years, in contrast with birth weight SDS, weight gain during the other three months periods 
in the first year of life, and adult IGF-I levels. More gain in weight than length SDS in the first 
three months of life was also significantly associated with an increased prevalence of low HDLc, 
higher CRP levels and lower insulin sensitivity at the age of 21 years. Low birth weight SDS was 
associated with lower insulin sensitivity, but low birth weight SDS and adult IGF-I SDS were not 
significantly associated with any of the MetS components, or MetS prevalence at 21 years. 
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Conclusions, clinical implications, and directions for future research
Based on our findings presented in Chapters 2, 3, and 4, we conclude that an imbalance 
in neonatal gain in weight compared to length after term age as well as following preterm 
birth, should be avoided to reduce the risk for a less favorable body composition and MetS in 
adulthood. These results emphasize the need for measuring both weight and length during 
infancy. Furthermore, our data suggest that it might be beneficial to inform parents on the long 
term effects of accelerated gain in weight for length, also when infants are born preterm because 
the period after discharge (usually around term age) of preterm infants shows to be a critical 
window for programming of later body composition. Our findings point to the need for new 
data to investigate the optimal target of postnatal weight gain after birth in infants born either 
term or preterm, with regard to neurodevelopment as well as health profile in early adulthood. 
This could lead to public health interventions based on recommendations for infant feeding and 
weight gain evaluations, and thereby decreasing the risk for development of CVD, MetS, and 
obesity in later life, with guaranteeing optimal neurodevelopment.
 Our study population consists of subjects without serious postnatal complications and did 
not include extreme prematurely born subjects. Thus, whether our results can be generalized to 
subjects with complications, such as those with broncho-pulmonary dysplasia, requires further 
research. Although we did not find an effect of low birth weight on CVD risk factors, prevalence 
of MetS or the individual components of MetS, we acknowledge that increased gain in weight for 
length from birth to three months of age often follows small size at birth. Therefore we consider 
infants born SGA as a high risk group, and would like to emphasize that monitoring of weight 
for length in the early postnatal period is crucial in infants born SGA. Furthermore, formula-fed 
infants grow at a faster rate than breast-fed infants and have a higher risk of being overweight 
later in life.48-50 In our study, we did not have nutritional data to investigate the relationship 
between early nutrition, growth in infancy, and type 2 diabetes and CVD risk factors in later life. 
However, our findings suggest that the use of nutrient-enriched formulas, which induce rapid 
weight gain in early life, might increase risk for CVD and type 2 diabetes later in life. In contrast, 
breastfeeding during the first three months of life, might decrease the prevalence of CVD type 2 
diabetes in adulthood. Generally, nutrient-enriched diets lead to rapid weight gain in early life, 
and have adverse effects on cardiovascular risk factors in later life.8,26,51-52

Early life factors and combinations of biomarkers and risk factors for 
early atherosclerosis and type 2 diabetes

Previously and in the studies described in chapters 2 to 4, we investigated associations of birth 
size, preterm birth and early postnatal growth with individual biomarkers and risk factors for later 
disease.18, 28-31, 53-54 This has led to advances in our knowledge on DOHaD. However, the question 
remained whether combinations of determinants will lead to later disease such as CVD and type 
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2 diabetes. The pathophysiology of both atherosclerosis and type 2 diabetes is complex and 
comprises a wide spectrum of parameters and risk factors. Therefore, in our study population 
with healthy young adults, it might well be that it is more indicative to study combinations of 
certain biomarkers and risk factors than individual ones, as these combinations might reflect 
a certain risk profile.55 In Chapter 5 and 6 we present studies in which we introduced Principal 
Component Analyses (PCA) to identify combinations (components) of known risk factors 
preceding atherosclerosis and type 2 diabetes. PCA is a multivariate correlation technique to 
reduce a large number of intercorrelated variables to a smaller set of independent principal 
components in a non-hypothesis driven manner.55-56 Subsequently, we studied the effect of early 
life factors on the identified components.

Many markers of atherosclerosis are known to date, and the role of inflammation in preclinical 
and advanced stages of atherosclerosis has been widely acknowledged.57 In the study presented 
in Chapter 5, we aimed to investigate the effect of small size at birth and adult body size 
with biomarkers of early atherosclerosis. Because of the young age of our study population, 
we focused on biomarkers which relate to preclinical stages of atherosclerosis, such as acute-
phase proteins, pro-inflammatory cytokines and lipoproteins, namely: C-reactive protein 
(CRP), monocyte chemotactic protein-1 (MCP-1), interleukin-8 (IL-8), soluble vascular adhesion 
molecule 1 (sVCAM-1), soluble intracellular adhesion molecule 1 (sICAM-1), high-density 
lipoprotein (HDLc), low-density lipoprotein (LDLc), apolipoprotein B (ApoB), apolipoprotein A1 
(ApoA1), and triglycerides (TG).58-62 These biomarkers were entered in PCA, which generated 
three combinations of biomarkers, officially named principal components: Adverse lipids and 
CRP, HDLc and ApoA1, and Inflammatory Markers. Subsequently, we investigated associations 
of birth size, gestational age, and adult size with the principal components. Birth size and 
gestational age were not associated with any of the identified components. Adult weight SDS 
was positively associated with component Adverse Lipids and CRP, and component Inflammatory 
Markers, and inversely associated with component HDLc and ApoA1. These findings are in line 
with previous research.63-64 We were also able to specify adult weight in fat mass and lean body 
mass, by using DXA measurements. Higher fat mass was associated with increased component 
scores for Adverse Lipids and CRP, and for Inflammatory Markers. Thus, increased fat mass is 
associated with increased CVD risk, already in early adulthood. Additionally, we showed that 
short stature was associated with higher scores for component Adverse Lipids and CRP, which 
is in line with a previous report showing that short stature is associated with increased risk of 
CVD.65 In a public health perspective our data indicate that small birth size is not associated with 
increased atherosclerosis risk in young adulthood. Adult body size, and particularly body fat is 
however significantly associated with the components identified in the study. 



168 | Chapter 10

In Chapter 6 we used PCA to identify combinations of known risk factors in early adulthood 
preceding type 2 diabetes. Several publications have reported PCA of metabolic syndrome 
variables,55,66-69 but only a limited number has focused on specific risk factors of type 2 
diabetes.70-71 In our study population, PCA resulted in four principal components of type 2 
diabetes risk factors, including Frequently Sampled Intravenous Glucose Tolerance (FSIGT) test 
results (insulin sensitivity, acute insulin response, disposition index). Subsequently, we studied 
associations of early life growth trajectories with the identified principal components, in order 
to determine whether growth in early life could be a prevention target to reduce development 
of type 2 diabetes in early adulthood. Gain in weight for length in the first three months of life 
was positively associated with the component characterized by insulin resistance, acute insulin 
response, and serum levels of CRP and triglycerides in early adulthood. Furthermore, subjects 
with catch-up in weight in the first year of life had higher adjusted scores for that component 
than those without catch-up growth. There were no significant associations of early weight gain 
with any of the other components. Remarkably, only certain risk factors of type 2 diabetes in 
young adults were affected by early weight gain, as we only found an association of first three-
months accelerated weight gain with one of the four components identified (characterized by: 
insulin resistance, acute insulin response, and serum levels of CRP and triglycerides). Our results 
imply that particularly risk factors that characterize the latter principal component are involved 
in the mechanism linking early accelerated weight gain with risk for type 2 diabetes. This was 
confirmed by comparisons of the components between subjects with and without catch-up in 
weight in the first year of life (weight gain >0.67 SDS)5. Subjects with catch-up in weight had 
higher scores for that component, independent of size at birth. A recent study reported that 
excessive Body Mass Index (BMI) gain across the life span and earlier onset of overweight are 
associated with impaired glucose metabolism in adulthood, which is in line with our study.72

Conclusions, clinical implications, and directions for future research
To our knowledge, we are the first investigating the relationship of early life growth trajectories 
with combined risk factors of atherosclerosis and type 2 in early adulthood. We report an 
association of fat mass with biomarkers of early stage atherosclerosis. This is likely to induce 
future public health problems because the prevalence of obesity in childhood and adulthood is 
rapidly increasing.73 The association of short stature with biomarkers of atherosclerosis is more 
complex, as adult height SDS was inversely associated with component Adverse Lipids and CRP, 
but tended to a positive association with component Inflammatory Markers. These findings 
warrant further research in subjects with short stature. We also showed that accelerated gain in 
weight compared to length in the first three months of life should be avoided to reduce the risk 
for type 2 diabetes in later life. Again, these findings point to the need for new prospective data 
to investigate the optimal target of gain in weight for length after birth. Furthermore, the results 
of our study motivate future research to focus on mechanisms affecting insulin resistance, acute 
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insulin response, and levels of CRP and triglycerides in adulthood when studying early origins of 
type 2 diabetes.

Pathways involved in the development of atherosclerosis 

In Chapter 5 we demonstrated that body fat percentage is an important determinant of CVD 
related biomarkers, which is in line with other studies.74-75 Several risk factors of CVD, including 
body fat percentage, have been studied using direct association measures. Because of the complex 
pathophysiology of CVD and its high occurrence rate, it is of major importance to correctly 
model the risk factors involved in development of CVD.76 Standard statistical methods, however, 
lack to achieve that goal because of complex interrelationships involved. We used Structural 
Equation Modeling (SEM)77 to explore pathways leading to increased carotid Intima-Media 
Thickness (cIMT), a measure of preclinical atherosclerosis.78 Using SEM, we were able to model 
these pathways for males and females using body fat percentage, serum lipid levels, and blood 
pressure measurements. In Chapter 7 we presented this model of complex direct and indirect 
effects of fat mass leading to increased cIMT, with the largest effect size via blood pressure. We 
also showed that the pathways differed between males and females with a larger effect of serum 
lipids on cIMT in males. SEM has been used in other fields, such as genetic epidemiology and 
psychology,79-80 but remained very rarely used in medical research. We demonstrated that SEM 
is an innovative statistical method to unravel multidirectional associations and potential causal 
pathways in complex origins of diseases like CVD. However, one should take into account that 
there has to be a time course to determine causal relationships with certainty.81

Conclusions, clinical implications, and directions for future research
Many of the estimated effects in our study using SEM were substantial and statistically significant, 
which is remarkable, especially when taking into account the young age and healthy status of our 
study population. We conclude that even at such a young age, a higher fat mass already has a 
negative influence on the cardiovascular status, which is alarming because the effects are likely 
to be larger in subjects at an older age. Because the prevalence of fat accumulation in childhood 
and adulthood is increasing rapidly, this is likely to induce future problems in public health. The 
promising results of the present study, applying path analysis in clinical research, might motivate 
the use of SEM in complex origins of disease to assess causal relationships. For example, in 
future studies, early life growth could be added to the models identified in Chapter 7, in order 
to unravel pathways involved in the developmental origins of health and disease. Furthermore, 
SEM could be used to investigate whether the association of short stature with risk factors for 
CVD, as demonstrated in Chapter 5, acts via an increase in body fat percentage. 
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Preterm birth, birth size and later gonadal function

Next to early life influences on risk factors for CVD and type 2 diabetes, we also studied early 
origins of gonadal function. Decreased reproduction rates in men and women born preterm have 
been reported. This diminished reproduction improved with increasing gestational age.82 It was, 
however, unknown whether the association between preterm birth and reduced reproduction 
rate was related to marital status, lower social class, or reduced gonadal function. Furthermore, 
controversies existed regarding the association between birth size for gestational age and 
gonadal function in males and females.83-91 

In Chapter 8 we describe our study investigating the effect of preterm birth and small birth size 
for gestational age on male gonadal function in young adulthood. We found that preterm and 
SGA birth did not affect gonadal function. Preterm birth was even associated with higher levels of 
Inhibin B. Furthermore, we showed that lower socioeconomic status was associated with lower 
inhibin B levels, and that higher fat mass was associated with lower testosterone and SHBG 
levels. Maternal smoking during pregnancy was associated with higher LH and non-SHBG-bound 
testosterone levels. 
 We conclude that preterm and SGA birth do not affect gonadal function in young men, 
but that lower SES, higher fat mass and maternal smoking during pregnancy do affect gonadal 
function. Our study was the first showing a relationship between SES and Sertoli cell function. 
Our findings are in line with a more recent study, reporting an association between SES and FSH 
in men aged 49-51 years.92 Some studies demonstrated an influence of preterm birth or small 
birth size on male gonadal function, but none of these studies adjusted for SES86,93-94 which might 
explain the differences in results, especially regarding inhibin B levels. Another recent study 
investigated the effect of SGA birth on fertility in young adults.95 The results of that study were in 
line with ours, showing that fertility was not reduced in young men born SGA, adjusted for SES.

After concluding that preterm and SGA birth is not associated with testis function, we 
demonstrated that follicle pool size in young adult women is also not affected by preterm and 
SGA birth (study presented in Chapter 9). Preterm birth and SGA birth did not affect female 
AMH and other hormone levels. However, older age at menarche and oral contraceptive pill 
use were related to lower AMH levels, and maternal smoking during gestation was related to 
higher AMH levels. In subgroup comparisons, women born SGA with catch-up growth resulting 
in normal adult stature showed higher AMH levels than controls. Similar to the results in men, 
SES was of influence on gonadal function in young women. An explanation for the relationship 
between SES and gonadal function in females and males could be that there are nutritional and 
environmental differences due to SES. Endocrine disrupters have been shown to affect pubertal 
development96-98 and subjects with a lower SES might be more exposed to endocrine disrupters, 
for example by consumption of less healthy food. Very recently, Sadrzadeh-Broer et al. showed 
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no difference in AMH and other hormone levels between women born SGA and AGA, which is in 
line with our results.99 Furthermore, our research group recently demonstrated that serum AMH 
levels were similar in short SGA and healthy girls aged 3-10 years, and that there was also no 
effect of gestational age on AMH levels at that age.100

Clinical implications, conclusions, and directions for future research
Our data indicate that there are no adverse effects of preterm birth and small birth size for 
gestational age on male gonadal function and female follicle pool size. Therefore, the reported 
diminished reproduction rate in adults born preterm82 is unlikely due to a reduced gonadal 
function. In men born preterm we even found higher Inhibin B levels than in those born term. 
Future sperm analysis in young men born preterm might further unravel this relationship. In 
the female study population, those born SGA who had shown catch-up growth had significantly 
higher AMH levels than controls, also after adjustment for confounders. As increased serum AMH 
levels are associated with Polycystic Ovary Syndrome (PCOS), our findings might suggest that a 
larger proportion of women born SGA with catch-up growth have early signs of PCOS. However, 
as our study was not designed to investigate PCOS, we cannot draw definitive conclusions from 
these findings and future research is warranted.
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General conclusions

In the present thesis we investigated whether size at birth, preterm birth, and different growth 
patterns during childhood influence determinants of disease like cardiovascular disease (CVD), 
type 2 diabetes, and metabolic syndrome (MetS), and gonadal function in early adulthood. 
Furthermore, we applied novel statistical approaches in the field of DOHaD and investigated 
mechanisms involved in the development of early atherosclerosis. Figure 1 summarizes the 
most important findings described in present thesis. The figure shows the critical period in 
which increased weight for length should be avoided to reduce risk for obesity, MetS, type 2 
diabetes, and CVD in early adulthood. The critical window comprises the first three months 
after birth in infants born term, and the period from birth up until three months after term 
age in infants born preterm. We emphasize that measuring both infant weight and length is 
crucial in clinical practice, also in the incubator in the case of infants born preterm. Although 
our results repeatedly show the importance of balanced weight gain during the early postnatal 
period, we recognize that there might be other critical windows later in childhood that remained 
unstudied in the present studies. Furthermore, we found no evidence that small size at birth 
influences risk for later disease, but we acknowledge that infants born SGA often receive nutrient 
enriched feeding in the early postnatal period, which subsequently leads to rapid weight gain. 
Therefore, subjects born small for gestational age who show rapid catch-up in weight are of 
particular interest for future studies and clinical monitoring. Figure 1 also shows that a higher fat 
mass in early adulthood leads to a higher carotid Intima-Media Thickness, via adverse lipids and 
blood pressure, and that higher fat mass in early adulthood increases biomarkers of preclinical 
atherosclerosis, such as inflammatory markers. The findings reported in this thesis need to 
be confirmed in detailed population-based cohort studies or randomized controlled trials, for 
example randomizing various infant diets. These studies should include detailed and standardized 
early life measurements including infant body composition, appetite regulating hormones and 
nutritional intake, which would enable to investigate the optimal target of weight gain after birth. 
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Chapter 1
This chapter provides a general introduction to the different aspects involved in developmental 
origins of adult health and disease. We also describe our study population, provide the aims of 
the studies performed, and present the outline of this thesis.

Chapter 2
Both preterm birth and small birth size for gestational age have been associated with increased 
risk for cardiovascular disease (CVD), but controversies still existed. In the study described 
in chapter 2, we aimed to investigate the effect of preterm birth on risk factors for CVD, 
independent of birth size. In the study, using data of 406 young adults, we showed that preterm 
birth is associated with higher systolic blood pressure, pulse pressure, blood pressure variability, 
and heart rate, and with lower diastolic blood pressure, also after adjustment for confounders 
including size at birth. We, therefore, concluded that young adults born preterm might have 
a higher risk for CVD than those born term, independent of birth size. There was no effect of 
gestational age on pulse wave velocity and carotid intima-media thickness, which is a marker of 
early stage atherosclerosis, but our study population is still relatively young, and it might well be 
that this effect will arise at an older age.

Chapter 3
Early postnatal weight gain has been associated with determinants of Cardiovascular Disease 
(CVD) and type 2 diabetes in adults born term. However, this association remained to be 
elucidated in adults born preterm. We, therefore, investigated the association of weight gain 
during different periods, and different weight trajectories in early life after preterm birth, with 
determinants of CVD and type 2 diabetes in early adulthood. We showed that accelerated gain 
in weight relative to length during the period from birth to term age, as well as during the first 
three months after term age, has adverse effects on body composition in early adulthood. Thus, 
the time window for effects of accelerated weight gain on body composition is wider in subjects 
born preterm than term. We also demonstrated that rapid weight gain after term age in subjects 
born preterm is an important determinant of body composition in later life, which is in line with 
results in subjects born term. 

Chapter 4
The relationship between low birth weight and increased risk for metabolic syndrome (MetS) 
in later life has been frequently described, but mechanisms underlying this association remain 
unknown. In Chapter 4, we investigated associations of birth weight, gain in weight for length 
during early life, and adult IGF-I SDS, with number of MetS components, prevalence of MetS 
components and MetS, and other metabolic parameters. Our results indicate that the most 
important determinant of MetS is gain in weight relative to length SDS in the first three months 
of life, as this was associated with a higher number of MetS components at the age of 21 years, 
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in contrast with birth weight SDS, weight gain during the other three months periods in the first 
year of life, and adult IGF-I levels. Furthermore, gain in weight relative to length SDS in the first 
three months of life was associated with increased prevalence of MetS, higher prevalence of low 
HDLc, increased levels of CRP, and lower insulin sensitivity in early adulthood. 

Chapter 5
In this chapter we present our study investigating associations between small birth size, 
prematurity, adult body size, and a broad range of biomarkers related to early stage 
atherosclerosis. Principal component analysis (PCA) was applied to identify combinations of 
biomarkers and their component-scores. This resulted in three principal components. Birth size 
and gestational age were not associated with any of the components, but adult fat mass was 
positively associated with the component Adverse Lipids and hsCRP (characterized by LDLc, 
ApoB, ApoA1, triglycerides, and CRP), and component Inflammatory markers (characterized 
by MCP-1, IL-8, sVCAM-1, and sICAM-1). We, therefore, concluded that small birth size is not 
associated with increased risk for atherosclerosis in early adulthood, in contrast to fat mass at 
age 21 years. 

Chapter 6
In chapter 6, we present our study in which we identified combinations of known risk factors in 
early adulthood preceding type 2 diabetes, using PCA. Subsequently, we studied associations 
of early life growth trajectories with the identified principal components. We identified four 
combinations of type 2 diabetes risk factors. Gain in weight for length in the first three months 
of life was positively associated with the component characterized by insulin resistance, acute 
insulin response, and serum levels of CRP and triglycerides. Furthermore, subjects with catch-
up in weight in the first year of life had higher adjusted scores for that component than those 
without catch-up growth, also after additional adjustment for birth weight SDS. We concluded 
that accelerated gain in weight compared to length in the first three months of life should be 
avoided to reduce the risk for type 2 diabetes in later life. 

Chapter 7
Structural Equation Modeling (SEM) is an advanced statistical technique to unravel multidirectional 
associations and potential causal pathways in complex origins of diseases such as CVD. In chapter 
7 we demonstrate our study using SEM to examine several pathways leading to vascular changes 
in early adulthood. We present a model of direct and indirect effects of fat mass leading to early 
stage atherosclerosis, measured by carotid intima-media thickness (cIMT). SEM showed that 
the pathways differed between males and females, with a larger effect of serum lipids on cIMT 
in males. We concluded that SEM is suitable in identifying models to unravel potential causal 
pathways in complex origins of diseases, and presented a model involving several pathways, 
showing that increased fat mass has an influence on risk for atherosclerosis, already at 21 years 
of age.
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Chapter 8
We hypothesized that alterations in gonadal function in young men are not due to preterm birth 
or being born SGA, but are due to other (environmental) factors. In the study described in chapter 
8, we investigated the influence of preterm birth, birth length, and birth weight on serum levels of 
anti-Mullerian hormone, inhibin B, testosterone, SHBG, non-SHBG-bound testosterone, LH, and 
FSH in a group of 207 young men. We showed that preterm birth and SGA did not affect gonadal 
function. Preterm birth even showed a positive association with inhibin B after correction for 
several confounders. Higher socioeconomic status was associated with higher inhibin B levels, 
higher fat mass was associated with lower testosterone and SHBG levels, and maternal smoking 
during pregnancy was associated with increased LH and non-SHBG-bound testosterone levels. 
We concluded that preterm birth and SGA do not affect gonadal function in young men, whereas 
lower SES, higher fat mass, and maternal smoking during pregnancy do. 

Chapter 9
In chapter 9, we investigated the association of preterm and SGA birth with ovarian function 
and the size of the follicle pool in young adult women. We, therefore, investigated the effects of 
gestational age at birth, birth weight SDS, birth length SDS, and adult size on serum anti-Müllerian 
hormone (AMH), LH, SHBG, testosterone, Non-SHBG-bound testosterone and androstenedione. 
We showed that there were no adverse effects of preterm and SGA birth on AMH levels and 
other gonadal function parameters. Older age at menarche and oral contraceptive use (OC-use) 
were related to lower AMH levels. Maternal smoking during pregnancy was associated with 
higher AMH levels, also after correction for SES, whereas lower SES was associated with lower 
AMH levels. Subgroup comparisons showed higher AMH levels in women born SGA with catch-
up growth (SGA-CU) than in AGA controls, also after adjustment for several factors including 
gestational age. In conclusion, our results indicate that women born preterm and/or SGA do not 
have a smaller follicle pool size than women born at term and/or AGA.

Chapter 10
In this chapter, the main findings of the studies described in the present thesis are discussed, also 
in the context of current literature. We emphasized on clinical implications and gave directions 
for future research. 
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Samenvatting

Hoofdstuk 1
Dit hoofdstuk geeft een algemene inleiding over vroege determinanten van ziekten en 
aandoeningen die op volwassen leeftijd optreden. We beschrijven ook onze studiepopulatie, de 
doelstellingen van de uitgevoerde studies en de verdere opzet van het proefschrift.

Hoofdstuk 2
Premature geboorte en te klein zijn bij geboorte voor de zwangerschapsduur (small for 
gestational age (SGA)) veroorzaken beide een laag geboortegewicht. Verschillende studies 
hebben een relatie aangetoond tussen een laag geboortegewicht en een verhoogd risico op 
hart- en vaatziekten. Echter, tot op heden was de invloed van premature geboorte op deze 
relatie onbekend. In hoofdstuk 2 beschrijven we de studie waarin we de associatie hebben 
onderzocht tussen premature geboorte/zwangerschapsduur en verschillende risicofactoren 
voor hart- en vaatziekten, ongeacht het geboortegewicht. In deze studie hebben we laten 
zien dat premature geboorte geassocieerd is met een hogere systolische bloeddruk, polsdruk, 
bloeddrukvariabiliteit, hartslag en met een lagere diastolische bloeddruk. De resultaten bleven 
gelijk na correctie voor geboortegewicht en geboortelengte. Onze conclusie is dat prematuur 
geboren jongvolwassen mogelijk een hoger risico hebben op hart- en vaatziekten dan à term 
geboren jongvolwassenen en dat dit onafhankelijk is van grootte bij de geboorte. We vonden 
geen effect van zwangerschapsduur op Pulse Wave Velocity (meting van de arteriële stijfheid, 
PWV) en de intima media dikte van de carotis (cIMT) op jongvolwassen leeftijd, maar onze 
studiepopulatie is nog jong en het kan zijn dat deze associatie ontstaat op een latere leeftijd. 

Hoofdstuk 3
In een eerdere studie hebben we laten zien dat teveel toename in gewicht ten opzichte van lengte 
in de eerste drie levensmaanden, gerelateerd is aan determinanten van hart- en vaatziekten 
en type 2 diabetes in à term geboren jongvolwassenen. Het was echter nog onzeker of deze 
associatie ook voorkomt bij prematuur geboren volwassenen. In hoofdstuk 3 beschrijven we onze 
studie waarin we gewichtstoename gedurende verschillende perioden in het eerste levensjaar na 
premature geboorte hebben bestudeerd, in relatie tot determinanten van hart- en vaatziekten en 
type 2 diabetes. We zagen dat meer gewichtstoename ten opzichte van lengtegroei gedurende 
de periode van geboorte tot à terme leeftijd, alsmede gedurende de eerste drie maanden na de 
à terme leeftijd, geassocieerd was met een slechtere lichaamssamenstelling op jongvolwassen 
leeftijd. We laten ook zien dat een te snelle gewichtstoename bij prematuur geboren kinderen 
na de à terme leeftijd een belangrijke determinant is van de lichaamssamenstelling op latere 
leeftijd, hetgeen vergelijkbaar is met de resultaten die we voorheen vonden bij à term geboren 
kinderen. 
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Hoofdstuk 4
Verschillende studies hebben een relatie aangetoond tussen een laag geboortegewicht en een 
verhoogd risico op Metabool Syndroom (MetS) op volwassen leeftijd, maar het onderliggende 
mechanisme hiervan bleef onbekend. In hoofdstuk 4 beschrijven we de studie waarin we 
onderzocht hebben wat het effect is van geboortegewicht, toename in gewicht ten opzichte van 
lengte gedurende verschillende periodes in het eerste levensjaar en het serum IGF-I gehalte op 
de leeftijd van 21 jaar, op componenten van MetS, de prevalentie van de componenten en MetS 
en verschillende andere metabole parameters op jongvolwassen leeftijd. We laten zien dat een 
te grote toename in gewicht ten opzichte van lengte in de eerste drie maanden na geboorte de 
belangrijkste determinant is van MetS op 21 jaar. Dit was geassocieerd met een groter aantal 
MetS componenten en een hogere prevalentie van MetS op jongvolwassen leeftijd, terwijl 
geboortegewicht en IGF-I hier niet mee geassocieerd waren. Een te grote toename in gewicht ten 
opzichte van lengte in de eerste drie maanden na de geboorte was ook geassocieerd met hogere 
CRP spiegels in het bloed en lagere insuline gevoeligheid op jongvolwassen leeftijd. 

Hoofdstuk 5
In hoofdstuk 5 hebben we principale componentenanalyse (PCA) toegepast om combinaties 
van biomarkers, die gerelateerd zijn aan vroege stadia van atherosclerose, te identificeren en 
de componentenscores van deze combinaties te berekenen. De PCA analyse resulteerde in drie 
principale componenten. Vervolgens hebben we onderzocht of klein zijn bij de geboorte en 
premature geboorte van invloed zijn op de geïdentificeerde componenten. Ook onderzochten 
we de invloed van gewicht, lengte en lichaamssamenstelling op volwassen leeftijd op de 
componenten. Grootte bij de geboorte en zwangerschapsduur waren beide niet geassocieerd 
met de componenten, maar hogere scores voor de component bestaande uit ongunstige lipiden 
(LDLc, ApoB, lager ApoA, triglyceriden) en CRP en hogere scores voor de component bestaande 
uit ontstekingsparameters (MCP-1, IL-8, sVCAM-1 en sICAM-1) waren geassocieerd met meer vet- 
massa op volwassen leeftijd. Onze conclusie was dat klein zijn bij de geboorte niet geassocieerd 
is met een verhoogd risico op vroege stadia van atherosclerose op jongvolwassen leeftijd, maar 
dat een verhoogde vetmassa op 21 jarige leeftijd daar wel mee geassocieerd is.

Hoofdstuk 6
In hoofdstuk 6 beschrijven we de studie waarin we PCA hebben toegepast om combinaties 
te identificeren van risicofactoren om type 2 diabetes te ontwikkelen. PCA identificeerde vier 
componenten. Vervolgens hebben we associaties onderzocht tussen vroege groei, verschillende 
groeitrajecten en de geïdentificeerde componenten. Meer gewichtstoename dan lengtegroei 
in de eerste drie maanden na de geboorte was geassocieerd met de component bestaande 
uit insulineresistentie, acute insuline respons en CRP en triglyceride spiegels. Ook vonden we 
dat jongvolwassenen die inhaalgroei hadden vertoond in het eerste levensjaar, hogere scores 
hadden voor die specifieke component. Dit bleef significant na correctie voor geboortegewicht. 
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We concludeerden dat een hogere toename in gewicht ten opzichte van lengte in de periode 
na de geboorte vermeden moet worden om het risico op type 2 diabetes in het latere leven te 
verlagen

Hoofdstuk 7
Structural Equation Modeling (SEM) is een geavanceerde statistische methode die gebruikt kan 
worden om zonder voorgaande hypothese multidirectionele associaties en potentieel causale 
paden te ontrafelen van complexe ziekten zoals hart- en vaatziekten. In dit hoofdstuk laten we de 
studie zien waarin we, door gebruik te maken van SEM, verschillende paden hebben geïdentificeerd 
die leiden tot vasculaire veranderingen op jongvolwassene leeftijd. We presenteren een model 
met directe en indirecte effecten van vetmassa die uiteindelijk kunnen leiden tot verdikking van 
de intima-media van de carotis (cIMT), een vroeg stadium van atherosclerose. We toonden aan 
dat het padmodel verschilt voor mannen en vrouwen, met een groter effect van lipiden op cIMT 
bij mannen. Onze conclusie is dat SEM geschikt is voor het identificeren van potentieel causale 
paden van complexe ziekten. Tevens presenteren we een model waar uit blijkt dat een verhoogde 
vetmassa op de leeftijd van 21 jaar het risico op atherosclerose verhoogt
 
Hoofdstuk 8
Hoofdstuk 8 beschrijft de studie waarin we onderzochten of premature geboorte en te klein 
zijn bij de geboorte effect hebben op de gonadale functie van jongvolwassen mannen. Daartoe 
bepaalden we de invloed van premature geboorte, geboortelengte en geboortegewicht op 
bloedspiegels van anti-Müller hormoon (AMH), inhibine B, testosteron, SHBG, niet-SHBG-
gebonden testosteron, LH, en FSH in een groep bestaande uit 207 jongvolwassen mannen. Uit onze 
studie bleek dat premature geboorte en SGA geboorte de gonadale functie van jongvolwassen 
mannen niet aantasten en dat premature geboorte zelfs geassocieerd was met hogere inhibine 
B spiegels. Verder vonden we dat de sociaal-economische status positief geassocieerd was met 
inhibine B spiegels, dat een hogere vetmassa geassocieerd was met lagere testosteron- en SHBG 
spiegels en dat LH en niet-SHBG-gebonden testosteron spiegels hoger waren als de moeder had 
gerookt tijdens de zwangerschap. We concludeerden dat premature- en SGA geboorte geen 
invloed hebben op de gonadale functie van jongvolwassen mannen, terwijl sociaal-economische 
status, een hogere vetmassa en roken van de moeder tijdens de zwangerschap de gonadale 
functie wel beinvoeden. 

Hoofdstuk 9
In hoofdstuk 9 presenteren we de studie waarin we associaties onderzochten tussen premature- 
en SGA geboorte en ovariële functie en het aantal (antrale) follikels bij jongvolwassen vrouwen. 
Daartoe hebben we de invloed onderzocht van zwangerschapsduur, geboortegewicht en 
geboortelengte op bloedspiegels van AMH, LH, SHBG, testosteron, niet-SHBG-gebonden 
testosteron en androsteendion. We lieten zien dat er geen nadelige effecten zijn van premature- 



186 | Samenvatting

en SGA geboorte op AMH spiegels en andere parameters van gonadale functie. Een oudere 
leeftijd bij de eerste menstruatie en gebruik van orale anticonceptie waren wel geassocieerd met 
lagere AMH spiegels. Verder was roken door de moeder tijdens de zwangerschap geassocieerd 
met hogere AMH spiegels op jongvolwassen leeftijd, ook na correctie voor SES, terwijl lagere SES 
geassocieerd was met lagere AMH spiegels. Bij de subgroepvergelijkingen vonden we hogere 
AMH spiegels bij SGA-CU vrouwen dan AGA controles, ook na correctie voor verschillende 
factoren waaronder zwangerschapsduur. Onze conclusie was dat premature- en SGA geboorte 
geen invloed hebben op ovariële functie en het aantal (antrale) follikels bij jongvolwassen 
vrouwen.  

Hoofdstuk 10
In dit hoofdstuk worden de belangrijkste bevindingen besproken van de studies beschreven in 
dit proefschrift, ook in de context van de huidige literatuur. We leggen de nadruk op klinische 
implicaties en geven aanwijzingen voor toekomstig onderzoek.
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Dankwoord

De afgelopen jaren heb ik met veel plezier gewerkt aan dit proefschrift, maar wetenschappelijk 
onderzoek doe je nooit alleen. Op deze bladzijden wil ik iedereen bedanken die de afgelopen 
jaren aan dit proefschrift heeft bijgedragen.

Allereerst wil ik alle deelnemers van de PROGRAM- en PREMS- studies bedanken, zonder wie 
dit onderzoek niet mogelijk was geweest. Mede dankzij jullie weten we nu meer over de lange 
termijn effecten van te klein zijn bij de geboorte en verschillende groeipatronen in de kindertijd. 

Mijn promotor, Prof. Dr. A.C.S. Hokken-Koelega. Beste Anita, toen ik als student voor het eerst 
op je kamer zat had ik nooit kunnen denken dat ik hier een paar jaar later zou staan. Je hebt me 
altijd veel vertrouwen gegeven. Dankzij je kennis, grenzeloze doorzettingsvermogen en passie 
voor het onderzoek heb ik heel veel van je geleerd. Maar bovenal ben je een bijzonder vriendelijk 
en warm persoon, met hart voor haar promovendi. Dit alles heeft eraan bijgedragen dat ik met 
veel plezier terugkijk op de afgelopen jaren. Bedankt! 

Prof. Dr. S.L.S. Drop, ik wil u bedanken voor alle leerzame onderwijsmomenten, uw enthousiasme 
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het beoordelen van mijn proefschrift.

Prof. Dr. A.J. van der Lelij, hartelijk bedankt voor het beoordelen van mijn proefschrift.

Dr. K. Ong, thank you very much for taking place in the reading Committee.
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plaatsnemen in de promotiecommissie.

Prof. Dr. Kajantie, thank you for your willingness to participate in the Committee.

Dr. H.J. Duivenvoorden, beste Hugo, ik wil u hartelijk bedanken voor het plaatsnemen in de 
promotiecommissie en voor de prettige samenwerking. U bent in staat de meest ingewikkelde 
statistiek helder uit te leggen, ook nog met een enorm enthousiasme. Dankzij u ben ik SEM-fan!

Prof. Dr. F. de Jong, Prof. Dr. T. Stijnen, Prof. Dr. H.A. Drexhage, Dr. M.P.M. de Maat, Dr. J.A. visser 
en Prof. Dr. J.S.E. Laven, coauteurs van de manuscripten in dit proefschrift, hartelijk bedankt voor 
de prettige samenwerking.
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wil ik graag bedanken voor het meedenken en discussiëren tijdens de endobesprekingen.

Novo Nordisk B.V. Nederland wil ik graag bedanken voor de prettige samenwerking.
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beoordelen van de artikelen. 
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