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ABSTRACT

Hypospadias is a common genital malformation of complex origin. It is characterized by
misplacement of the urethral orifice, proximal to the tip of the glans penis, and is most often
accompanied by a cleaved prepuce and varying degrees of ventral penile curvature. The
phenotype ranges from distal hypospadias, where the misplacement of the urethral orifice is
small, to more proximal cases where the urethral orifice may be located in the perineum and
lead to uncertain sex at birth.

This thesis aims to elucidate aspects of the etiology, and increase the knowledge concerning
the consequences of being born with hypospadias. All studies are based on information
collected from national population-based Swedish registers, containing healthcare and
demographic data.

In Study I we investigated associated risk factors, in terms of parental and perinatal
characteristics, and the prevalence of hypospadias. We found an increased prevalence of boys
assigned with hypospadias during the late 20" century. Further, we found that boys born
small for gestational age, as twins, as a result of ART, or by parents from greater Europe
(excluding the Nordic countries) or Asia were at an increased risk of being registered with a
diagnosis of hypospadias. The trend in prevalence was not attributable to temporal changes in
the investigated risk factors.

Study II highlighted the association between hypospadias and the neuromuscular disorder
known as spinal-bulbar muscle atrophy (SBMA), for which the common denominator is a
CAG repeat expansion in the androgen receptor (4R) gene. We described one clinical case; a
boy born with proximal hypospadias who was found to have 42 CAG repeats in the AR gene,
which is a mutation known to cause SBMA later in life. In Swedish health care registers we
found four potential cases of SBMA and hypospadias in individuals and within families.

In Study III we investigated socioeconomic outcomes in men born with hypospadias as a
proxy of well-being in adulthood. We found that men born with hypospadias displayed a
similar level of education and income, and were as likely to be married as non-affected men.
Men with proximal hypospadias did, however, suffer a greater risk of receiving a disability
pension. This risk may be due to the effect of unmeasured psychiatric comorbidity,
conditions related to androgen deficiency, or hypospadias as a part of unrecognized

syndromes.

In Study IV we aimed to assess the fertility of adult men born with hypospadias. We found a
lower probability of registered paternity among men with hypospadias; the association was
most prominent in men with proximal hypospadias and of small magnitude in distal
hypospadias. Men with hypospadias were more likely to being diagnosed with male infertility
and of conceiving through ART. The overall results imply that fertility is impaired in men
with distal and proximal hypospadias, probably as a result of anatomic features, gonadal
dysfunction, psychological, or genetic factors.



SVENSK SAMMANFATTNING
Hypospadi ér en vanlig medfodd genital missbildning hos pojkar. Missbildningen

karaktdriseras av att urinroret inte mynnar pa toppen av ollonet, utan proximalt ldngs penis
undersida. Utover den avvikande lokalisationen av urinrérsmynningen, aterfinns ofta en
kluven forhud och en varierande grad av ventral kurvering av penis. Fenotypen varierar stort,
fran fall med liten grad av missbildning hos vilka urinrérsmynningens lokalisation &r litet
avvikande, till mer uttalade fall 1 vilka urinrérsmynning kan &terfinnas i perineum och som

ibland resulterar i svarigheter att vid fodseln avgora vilket kon barnet har.

Syftet med denna avhandling var att 6ka kunskaperna om orsakerna till att hypospadi uppstar
samt att undersdka hur vuxna mins vdlméende och fertilitet pdverkas av att vara fodd med
hypospadi. Samtliga studier baserades pa information himtad frén svenska nationella
populationsbaserade register.

Studie I syftade till att undersoka vilka riskfaktorer som &r associerade med hypospadi samt
till att studera om prevalensen av hypospadi fordndrats dver tid. Vi fann att pojkar fodda sma
for tiden, som tvillingar, som ett resultat av IVF-behandling och av foréldrar fran icke-
nordiska Europa och Asien hade storre risk att vara drabbade av hypospadi. Vi fann dartill en
okning av antal pojkar som diagnostiserats med hypospadi under senare delen av 1900-talet.

I Studie II uppmérksammade vi sambandet mellan hypospadi och den neuromuskuléra
sjukdomen spinobulbédr muskelatrofi (SBMA), vars gemensamma ndmnare utgors utav en
forlingd CAG sekvens i androgenreceptor (4AR) genen. Studien beskriver ett fall som utgdrs
av en pojke med proximal hypospadi, som i samband med molekylir utredning befanns vara
bérare av 42 CAG-kopior 1 AR genen, vilket dr patognomont med framtida SBMA. Med hjélp
av registerbaserad data fann vi fyra fall av hypospadi och misstinkt SBMA hos enskilda

individer och inom familjer

I Studie 11T undersokte vi socioekonomiska utfall i syfte att virdera vdlmaende i vuxen alder.
Vi fann att mdn med hypospadi uppnadde likvérdig utbildnings- och inkomst-niva, samt gifte
sig i lika stor utstrackning som min som inte var drabbade av hypospadi. Vi fann dock en
okad risk for fortidspensionering bland mén med proximal hypospadi, vilket kan vara en
effekt av psykiatrisk sjuklighet och odiagnostiserade syndrom eller vara en konsekvens av
sjuklighet associerad med androgenbrist.

Studie IV syftade till att bedoma fertiliteten hos mén med hypospadi, med hjélp av register-
baserad data. Vi fann att mén med hypospadi var registrerade som fader i mindre omfattning
dn man utan hypospadi, skillnaden var storst hos mén med proximal hypospadi och mycket
liten hos mén med distal hypospadi. Dartill fann vi att mdn med hypospadi i storre
utstrackning fétt barn med hjélp av assisterad befruktning och oftare hade erhallit diagnosen
manlig infertilitet. Sammantaget tyder dessa resultat pa att fertiliteten hos mén med
hypospadi dr nedsatt.



PREFACE

In the beginning there is nothing more than that tiny, single cell. From the outside it may not
look that interesting, but when exploring what hides within its wall you find an enormous and
neatly packed register crammed with data; an individual and unique biological code, the
DNA. The content of that register provides the basis for what comes next, the continuation of
life. Some of the data is unconditional and may not be influenced by the way we live our
lives, such as the code that determines the color of our eyes or the presence of a third copy of
chromosome 21. Other data may merely provide cornerstones that through intricate interplay
with behaviors and exposures generate what makes us unique, such as our personality traits

and risk of numerous illnesses.

This thesis provides four scientific papers in which we have investigated how one single
event in life, being born with hypospadias, may arise and what consequences it may lead to.
In order to do so we have grouped large numbers of diverse individuals, with unique
biological codes, only because they share one anatomical trait. The results of our studies
provide knowledge and answers that may be helpful in the meeting between healthcare
professionals and patients, but let us remember that what’s measurable on a group level may
not be true for the individual and that there is so much more that defines a human being than
a phenotypic variation.
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1 INTRODUCTION

1.1 Male sex development

The first determinant of sex differentiation, the chromosomal sex, is established at
fertilization, when the ovum with its X chromosome fuses with a sperm carrying an
additional sex chromosome, either X or Y. Thereafter, the embryo stays anatomically
undifferentiated until fetal week seven, when the gonadal tissues begin to differentiate to
testes or ovaries, depending on which sex chromosomes are present. The type of gonad then
influences the development of the phenotypic sex, male or female, which is defined by the
internal and external genitalia and secondary sex characteristics [1].

Gonadal hormones

Ovary-determining Estrogens
g

genes (\/ [\,,
Chromosomal XX :> Gonadal |:> Q Phenotyplc
e v —p g ? :I>O7'

Testes-determining )
genes Gonadal hormones
Androgens

Figure 1. Simplified sex differentiation in humans: chromosomal sex dictates the development of the
bipotential gonads towards either testes or ovaries, the gonadal sex thereafter influences the phenotypic sex
development.

The undifferentiated stage

Approximately four weeks after fertilization, the urogenital ridges, the precursors of the
urogenital system, develop in the still sexually undifferentiated embryo. The urogenital ridge
gives rise to two duct systems, the Wollfian and Miillerian ducts, which are the primordial
parts of the inner genitalia in males and females, respectively. The most distal parts of these
ducts fuse together in the cloaca, which is surrounded by the inner and outer genital folds at
the orifice. The genital folds join at the anterior end of the cloaca and are delimited by the
genital tubercle that later gives rise to either the penis or clitoris. Rudimentary gonads arise
through immigration of primordial germ cells into the gonadal ridges in the sixth week and
are at this point still bipotential [1, 2].

Differentiation of male internal genitalia

Ifa'Y chromosome is present in the 7" fetal week, a complex interplay between genes will
generate testes and subsequent hormonal action will lead to male phenotypic sex
development.

The main factor for male sex development, located on the Y chromosome, is the SRY gene
(Sex-determining Region of the ¥ chromosome). This gene is expressed in the gonadal ridges
and initiates the development of the gonads towards testicular tissue. The SRY gene induces a



genetic cascade, including actions by the NR54 1 and SOX9 genes, which drives the gonad
towards Sertoli cell differentiation. The Sertoli cells of the testis secrete anti-miillerian-
hormone (AMH) that leads to regression of the Miillerian ducts (the primordial part of female
internal genitalia). Placental hCG (Human Chorionic Gonadotropin), fetal pituitary
luteinizing hormone (LH), and factors secreted from Sertoli cells stimulate the development
of the Leydig cells of the testis. The Leydig cells are the main providers of testosterone that,
by binding to the androgen receptor (encoded by the AR gene), induce the differentiation of
the Wollfian ducts to internal male genitalia: the seminal vesicles, vas deferens, and
epididymides. In the absence of a Y chromosome, and subsequent absence of testes, AMH
and androgen action, the internal and external genitalia will typically develop towards the
female phenotype [1, 3-5].
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Figure 2. Schematic illustration
TR Epididymia of the development of internal
Uterus Vas deferens genitalia in the male and female.
akper vaging geminal vesicie Published with the permission of

Nature publishing group.
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Differentiation of male external genitalia

In the primordial parts of the external male genitalia, testosterone is further converted to
dihydrotestosterone (DHT) by steroid 5 alfa-reductase enzyme (encoded by the SRD5A2
gene). DHT is a more potent androgen required for the development of male external
genitalia. It binds to the androgen receptor in the target tissues and thereby drives the
differentiation towards male development of the external genitalia.

The virilization of the male external genitalia begins in fetal week nine with the fusion of the
labioscrotal folds that leads to lengthening of the anogenital distance and elongation of the



genital tubercle into the phallus. The cloaca is at this point subdivided into the urogenital
sinus and rectum [1, 2, 6].

As the genital tubercle elongates, the urethral groove develops on its ventral aspect, defined
by urethral folds and lateral genital swellings, the latter giving rise to the scrotum in the male.
An epithelial layer, referred to as the urethral plate, covers the lining of the urethral groove.
The prostatic and membranous parts of the urethra originate from the urogenital sinus, whilst
the penile part of the urethra develops through DHT acting on the urethral folds. The urethral
folds follow the elongation of the genital tubercle and fuse medially over the urethral groove
in a proximal to distal direction like a zipper, thereby creating a tube that communicates with
the urogenital sinus and runs to the base of the glans.
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This fusion is often completed by the end of the first trimester. The most distal glandular part
is the last step in the formation of the urethra, completed by the end of the fourth month. It is
thought to arise through ectodermal ingrowth from the glans, with the formation of a short
cord connecting to the penile urethra, but other mechanisms such as canalization of a solid
urethral plate have been proposed. The corpus spongiosum and corporeal bodies form after
the complete fusion of the urethra through the fusion of the outer genital folds in a proximal
to distal direction. The final formation of male external genitalia with the closure of the
prepuce is completed by fetal week 20 [6-8].



1.2 Characteristics of hypospadias

Most commonly, the differentiation into male and female phenotypic sex follows the
textbook example described above but, in some cases, the development of chromosomal,
gonadal or phenotypic sex is atypical. Conditions where the development of sex is different
are collected under a common umbrella term: disorders (or differences) of sex development
(DSD). Diagnoses included in the concept of DSD are diverse, both regarding physical
traits and molecular diagnoses. The sub-classifications of the conditions collectively named
as DSD are made upon chromosomal sex. Congenital adrenal hyperplasia in girls presents
as 46,XX DSD, with virilized external genitalia, including fusion of the labioscrotal folds
and clitoromegaly, and proximal hypospadias is a physical trait that may be present in the
under-masculinized child with 46,XY DSD [9].

Hypospadias is an inborn error in the development of the male external genitalia and is
characterized by three main anatomical features; an abnormal location of meatus somewhere
alongside the ventral part of the penis, a ventral curvature of the penis, and a cleaved hood-
like prepuce assembled on the dorsal side of the penis. Another important feature that may be
present, and should be evaluated early on, is meatal stenosis [10].

The abnormally positioned, and sometimes narrow, meatus may result in a ventrally deflected
and splayed stream of urine. This can make the stream difficult to control and patients may
experience trouble voiding while standing. The small child may sometimes suffer from a
meatal stenosis with subsequent difficulties for completely emptying the bladder. Other
symptoms mainly affect older boys and adult men, such as the ventral curvature that can
result in painful erections and inhibit sexual intercourse. Further, the overall appearance of
hypospadias may lead to cosmetic dissatisfaction.

Hypospadias develops due to failure of the normal, zipper like, tubularization of the urethra
in fetal weeks 9-16. The abnormal position of the meatus depends on when the failure of

ventral fusion occurs. The later the failure occurs the more distal the meatus will be

PO

fetal weeks 8 9 10 11 12 13 14 15 16

positioned.

Figure 4. Fusion of the urethral folds, in a proximal to distal direction during fetal weeks 9-16.



If the failure occurs in the later part of urethral development the boy presents with a distal
hypospadias with a slightly misplaced meatus, close to the tip of the glans or at the
subcoronal margin. An early failure may result in incomplete fusion of both urethral and
genital folds leaving the boy with a much more proximally located meatus located in the

perineum and a bifid scrotum and may even result in ambiguous genitalia at birth.

Ventral curvature is present in 10 to 30% of cases of hypospadias [11]. The degree of penile
curvature varies and is often associated with the position of the meatus. Just proximal to the
aberrant meatus the spongiosal body, that should surround the entire penile urethra, is split
into two diverging branches. This is usually where the ventral penile curvature occurs. A
distal hypospadias may present with none or a small degree of curvature, whilst a more
proximally located meatus is most often associated with a severe penile curvature. In distal
hypospadias the curvature is primarily caused by deficient periurethral growth or skin length,
whilst the curvature associated with proximal hypospadias is due to apoptosis of the urethral
plate and corpus spongiosum in lack of sufficient androgen action [10]. An important aspect
of the penile curvature is that when it is released, it may reveal that the meatus is in a much
more proximal position than first expected. With the arrest in development there is often also
an impaired quality of the skin and supportive tissue on the ventral side of the penis and there
may be a lack of corpus spongiosum proximal to the meatus. Most commonly, the prepuce
fails to encircle on the ventral side of the penis, but in rare cases hypospadias presents with an
intact prepuce, and may then be diagnosed during circumcision or after puberty. Other
characteristics of hypospadias that may be present are penoscrotal transposition, penile
torsion, webbed or concealed penis, and glans tilt, and in some cases there is only penile
curvature without an aberrant meatal position [10].

The phenotype is diverse and depends on all the anatomical features described above. A
correct and uniform description of each patient is desirable in determining what type of repair
is possible and in order to enable research on surgical outcomes. At present, the most
common classification is based on the location of the meatus on physical examination prior to
surgery, the distal form being the most common and the proximal being the least frequent
[10, 12].

Figure 5. Distal hypospadias, with the meatus located on the glans or at the subcoronal margin, affects 60-65% of
the patients. Boys with penile hypospadias constitute 20-30% of the patients, and approximately 10-15% of the
patients present with proximal hypospadias, with the meatus located in a penoscrotal, scrotal or perineal position.
Hllustration: Arvid Steen.



1.3 Associated malformations and conditions

Hypospadias is most often an isolated feature but may present with concomitant
cryptorchidism or inguinal hernia. Undescended testes are more frequent in proximal
hypospadias compared with distal cases. Extra-urogenital malformations associated with
hypospadias are congenital heart disease, cleft palate, and musculoskeletal and anorectal
malformations [ 13]. Chromosomal aberrations, mainly involving sex chromosomes, have
been described in up to 7% of cases of hypospadias and are even more common in boys with
a co-occurrence of hypospadias and cryptorchidism [14, 15]. Further, hypospadias is part of
several syndromes and shares a genetic etiology with other conditions that may be present at
birth or arise later in life [16, 17].

1.4 History of hypospadias

The name hypospadias is derived from the Greek “hypo” that means under and “spadon” for
fissure. Hypospadias and its potential consequences have been documented throughout

history and one of the earliest descriptions is that from the Alexandrian surgeons Antyllus
and Helidorus in the 1% and 2™ centuries [18].

Figure 6. The ancient Pharos of
Alexandria, depicted by Johann
Barnhard Fisher von Erlach
(1656-1723).

In the early descriptions various surgical techniques were presented, ranging from partial
amputation of the penis to the level of the urethral orifice to less drastic methods such as skin
stretching to the tip of the penis [18, 19].

The potential implications of penile curvature, a feature commonly associated with
hypospadias, on fertility has been described historically. It is said that Henry II, the King of
France (1547-1559), lived in a childless marriage for ten years until he had his penile
curvature corrected and thereafter fathered ten children with his wife [18].

Hypospadias surgery has evolved throughout the centuries. Until the eighteenth century one
of the most important reference books on surgery was a medical encyclopedia called A/
Tasreef, written by Albacusis of Cordoba (930-1013). In this book Albacusis described
tunneling or incision of the glans in hypospadias repair and further mentioned the importance



of dilating a narrow meatus. In 1837, a Scottish surgeon, Professor Robert Liston (1794—
1847), described the need of extra tissue in order to elongate and keep the canal permanently
open after tunneling. In order to do so he used parts of the prepuce to line the tunnel, and
further described how this technique relieved the patients from unpleasant symptoms, such as
urgency [18].

The introduction of ether anesthesia in the 1840s revolutionized surgery and more
sophisticated procedures could be carried out with much less suffering for the patient. In
1874, the surgeon Theophil Anger reported on the successful treatment of a penoscrotal
hypospadias by using two lateral skin flaps in order to create a neourethra. This technique
denoted the modern era of hypospadias repair. And even though methods have been refined
and more than 300 different surgical techniques of hypospadias repair have been described
since, the idea of using flaps to create a neourethra has remained [18, 19].



1.5 Etiology

Although hypospadias is common and has been extensively investigated the etiology in
individual cases is still largely unknown. As the development of male internal and external
genitalia is mainly driven by testosterone and DHT, a defect in androgen stimulation is often
thought to be the ultimate cause of hypospadias. The reason for this lack of androgen action
may be caused by environmental or genetic factors, or a combination thereof. In most cases
the specific cause remains unknown, but in some individuals, in particular those with

proximal hypospadias, the specific cause may be identified.

Non-genetic and environmental risk factors for hypospadias

One of the most well established risk factors for hypospadias is low birth weight. The weight
is only measurable after birth and may thus only be a reflection of some other event that takes
place during early pregnancy at the time of the urethral development. The underlying
mechanism behind the association is probably placental insufficiency and impaired placental
hCG secretion leading to subsequent fetal growth restriction and inadequate testosterone
production in the XY fetus. Several studies have shown an association between placental
pathology and hypospadias and the hypothesis is further strengthened by the fact that
hypospadias is more common in multiple births and that in monozygotic twins the twin with
the lower birth weight is more often affected by hypospadias [20-23]. In addition, pre-
eclampsia and maternal hypertension during pregnancy may impair placental function and
have consistently been shown to be associated with hypospadias [24]. Low birth weight
seems to be more associated with proximal than distal cases of hypospadias [25, 26].

A positive association between preterm birth and hypospadias has been demonstrated in
most, but not all, studies [24, 27-31]. Maternal smoking increases the risk of preterm delivery
and fetal growth restriction, but most studies show no association between hypospadias and
prenatal tobacco exposure [32].

A higher maternal age and both lower or higher paternal age have been proposed to be
associated with hypospadias, but most studies show no association with parental age.
Endogen estradiol levels increase with an increasing body mass index (BMI) and a high
maternal BMI is associated with hypospadias in some studies, but results are conflicting [28,
33-35]. However, the maternal use of oral contraceptives during early pregnancy, i.e. a potent
estrogen exposure, does not seem to be associated with a higher risk of hypospadias in
offspring [24, 28, 36, 37].

Assisted reproductive technologies (ART) may involve hormonal stimulation and are
associated with an increased risk of multiple birth and congenital malformations, and
currently account for 3% of births in Sweden. Hypospadias has been shown to be associated
with ART in many but not all studies, and often most specifically with the use of
intracytoplasmic sperm injection (ICSI) [24, 35, 38]. The risk linked to ICSI may reflect an
association to paternal subfertility and the inheritance of a genetic abnormality from the
father, rather than a risk associated with the ART protocol per se. However, a recent meta-



analysis did not find any significant difference in the risk of hypospadias when comparing
ICSI and IVF conceptions [39]. This might be due to temporal changes in the indication of
performing ICSI.

Hypospadias, cryptorchidism, testicular cancer, and male infertility have been proposed to be
symptoms of a common disorder, the Testicular Dysgenesis Syndrome (TDS), and it has
further been suggested that this syndrome is partly due to increased levels of endocrine-
disrupting chemicals (EDC) in the environment [40]. There are reports on how chemicals
may influence the development of genitalia in animals, and they may possibly have similar
effects in humans [41-43]. The impact of EDCs on androgen action is likely to be modulated
by individual susceptibility and the effects of different compounds may be additive, which
complicates the interpretation of studies in humans [44]. At present, there is however limited
epidemiological evidence on whether the level of EDCs in the environment is sufficient to
affect the development of human male external genitalia [45, 46].

Genetic risk factors for hypospadias

There is strong support for genetic influence on the development of hypospadias. Familial
clustering is seen in 4-25% of cases, predominantly in distal hypospadias, and the recurrence
risk in male siblings ranges between 9 and 17%. Many candidate genes have been
investigated in the quest of mutations causative of hypospadias. Mutational findings are,
however, uncommon and a monogenic cause is most frequently found in patients with

proximal hypospadias [47].

Genes influencing androgen synthesis and activity are of obvious interest when investigating
the genetic origins of hypospadias. Patients with DSD may present with complete or partial
gonadal dysgenesis, or with gonads containing both ovarian and testicular tissue, due to
mutations in genes affecting gonadal development [4]. Androgen deficiency, for example due
to mutations in genes encoding 17B-HSD, an important enzyme in steroidogenesis, may lead
to hypospadias. Mutations or genetic variants in the androgen receptor gene, crucial for
development of the male phenotype, as well as in the gene encoding steroid 5 alpha-
reductase (SRD5A42), the enzyme responsible for converting testosterone to the more potent
DHT, have been found in hypospadias [24, 48, 49]. In addition, an excess of androgens from
the adrenals due to congenital adrenal hyperplasia, may result in a situation where the
external genitalia of the 46,XX fetus becomes virilized and gives the appearance of
hypospadias with unpalpable gonads. Mutations in other genes important in the development
of the gonad/testis and thereby the male genitalia, such as the NR541 and Wilm’s tumor 1
(WT1I) genes, as well as mutations in the LH receptor gene and MAMLD1 gene can cause
hypospadias [48, 50, 51]. The NR5A1 gene encodes the steroidogenic factor 1 (SF1), a
protein that is crucial for adrenal, gonadal and reproductive development and function, and
mutations in NR5A [ may result in gonadal dysgenesis and ambiguous genitalia [52, 53].
Further proof of genetic origin is that hypospadias is part of many genetic syndromes, such as
the hand-foot-genital syndrome due to mutations in the HOXA-13 gene, and Opitz syndrome
characterized by mutations in the MID1 gene [54, 55].



Complex etiology

As stated above, a monogenic cause of hypospadias is seldom identified and, if so, most often
in proximal hypospadias. The familial clustering and lack of a Mendelian inheritance pattern
in distal hypospadias suggests a complex etiology, a hypothesis strengthened by segregation
analyses [56]. Complex traits are caused by the interactions of multiple genes, and the effect
may be further influenced by environmental factors. Large numbers of polymorphisms and
aberrations in many different genes have been shown to be associated with hypospadias, but
the individual effect of the majority of genetic variants is hard to estimate. Polymorphism
may increase, as well as reduce, the risk of hypospadias and has been proposed to modulate
individual susceptibility to environmental factors, such as EDC'’s, but to what extent remains
largely unknown [57, 58].

Disease

Figure 7. Complex traits are believed to be a result of genetic
variations within multiple genes and interaction with
environmental factors.

1.6 Epidemiology

Incidence and prevalence are two common measures of disease frequency, the former usually
provides information on the risk of contracting a disease and the latter indicates how
widespread it is. Incidence, or incidence rate, is defined as the number of new cases per
population at risk during a given timeframe. Prevalence, on the other hand, provides
information on the total number of cases in a population at a given time.

Incidence

Figure 8. Incidence is most commonly used as a
Prevalence measure of the risk of contracting a disease, i.e. the

o = number of new cases in a population. Prevalence
& usually refers to how widespread a condition is, i.e.
Death/cures the total number of cases within a population, and
changes as new cases arise, or are lost due to death
O or cure.

There is however an exception, when prevalence rather than incidence, is the preferred
measurement of new cases, and that is congenital malformations. In order to investigate the
incidence one must be able to accurately identify the total population at risk, which is hardly
possible in the case of congenital malformations since not all embryos survive until birth.
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Thus prevalence, measured at the time of birth, is a more accurate measurement and will be
used in this text henceforth [59].

The reported prevalence of hypospadias does vary largely between countries and ethnicities,
ranging between extremes such as 0.6/10.000 live births in Malaysia to 464/10.000 live births
in Denmark [60]. This may be explained by actual differences in the prevalence of
hypospadias, but these variations may also mirror an effect of heterogeneous study designs
and different definitions and regimes of reporting hypospadias. A particularly high
prevalence of hypospadias has been found in Denmark and North America [61-63].

Since the 1970s numerous studies have shown an increasing prevalence of boys diagnosed
with hypospadias, but there are many conflicting reports, however, and the phenomenon is
debated. As with the prevalence of hypospadias, the studies on temporal trends are
heterogeneous with regards to study design and definition of hypospadias [60]. The European
Surveillance of Congenital Abnormalities and Twins (EUROCAT), established in 1979, is a
network of population-based European registries for the surveillance of congenital anomalies.
The EUROCAT report from 2011, including the years 1999-2008, showed an increasing
prevalence of hypospadias [64]. In contrast to that study, a report from 2015, which included
data from 23 EUROCAT registers, presented large geographic variations, but overall no
statistically significant temporal trends in the prevalence of hypospadias between 2001 and
2010 [65].

Regardless of the huge amount of studies that address the prevalence of hypospadias, the
question, however, remains unanswered. Is the actual prevalence increasing, or do the studies
just reflect a statistical phenomenon that is due to improved reporting and an increased
awareness of hypospadias? Apart from the more complete registration of hypospadias, the
change in prevalence has been proposed to be an effect of surgical success and subsequent
improved fertility in men with hypospadias. Further, the temporal trend has been suggested to
be due to an increased influence of EDCs [40] but, as previously stated, there is a lack of
evidence supporting a causal effect of these compounds in humans [24, 46].
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1.7 Management

Hypospadias is most often diagnosed at birth but in rare cases abnormal sexual development
may be suspected during prenatal ultrasound examination. Distal hypospadias may, however,
remain undiagnosed until adult age, especially if the prepuce is not cleaved. The management
of hypospadias largely depends on the phenotype.

Management of the new born child with uncertain sex at birth

The development of the external genitalia may be so deviant that the child presents with
uncertain sex at birth. If there is any uncertainty in sex assignment, a prompt referral to the
regional DSD team is recommended [66, 67]. The attending physician or midwife should
always avoid any hasty or uncertain gender assignment but rather inform the parents that
these conditions occur and that a more thorough investigation is needed to find the child’s sex
instead of just looking at the external genitalia. Importantly, investigations on whether the
child suffers from congenital adrenal hyperplasia (CAH) should be carried out immediately,
since this is a potentially life threatening condition. Additional molecular diagnostics that are
recommended at an early stage in children with ambiguous genitalia include karyotyping,
mutational screening of genes involved in sex determination and differentiation, and
hormonal analyses. The physical examination of children with ambiguous genitalia should
include an evaluation for the signs of adrenal insufficiency, such as skin pigmentation and
dehydration. Examination of external genitalia should determine the size of the phallus, the
degree of fusion of inner (urethra) and outer (labia majora/scrotum) genital folds, the
localization of the urethral or urogenital orifice and whether there are palpable gonads. The
evaluation of internal genitalia often includes radiological investigations of the pelvic region
as well as cystoscopy, vaginoscopy and gonadal biopsy [68-71]. Apart from providing the
best care available to the child, the healthcare personnel must ascertain the coping abilities of
the parents. Most parents of newborn children experience some level of stress, and much
more so if the child is born with a congenital malformation or suffer from chronic illness
[72]. Parents of children born with DSD have shown an increased risk of posttraumatic-stress
[73].

The surgical management of boys born with hypospadias

Most cases of hypospadias do not, however, present with ambiguous genitalia, and sex
assignment can be carried out regardless of hypospadias. The boy may then be referred for
less acute surgical consultation by a pediatric urologist. In Sweden, pediatric urologists and
surgeons responsible for the treatment of hypospadias are situated in pediatric surgery clinics
in Stockholm, Uppsala, Goteborg and Lund, and in plastic surgery clinics in Malmé and
Linkdping. In proximal cases, and when there is a family history of hypospadias or when a
syndrome is suspected, additional molecular diagnostics such as mutational screening of the
AR, SRD5A2, NR5A1, HSD17B3 and WT1I genes or array CGH (comparative genomic
hybridization) may be carried out.
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Prior to surgery all patients should be examined regarding: 1) penile length; 2) position, shape
and size of the urethral meatus; 3) appearance of the prepuce (cleaved or not), glans (size,
cleft or flat) and scrotum; 4) the degree of penile curvature and rotation; 5) the position of the
testes. Additional malformations, such as inguinal hernia, should be recorded but there is no
need for routine screening for renal or ureteric anomalies [10]. Classification of hypospadias
mainly relies on the position of the meatus since this, in combination with the degree of
penile curvature, dictates what surgical method is most suitable [10, 11].

In Sweden, hypospadias surgery is usually performed between one and two years of age. The
guidelines from the European Association of Urology (EAU) and American Academy of
Pediatrics (AAP) states that surgical intervention is preferably performed between 6 and 18
months of age [74, 75]. In distal hypospadias, where surgery may be indicated only for
cosmetic purposes, some favor delayed genital surgery in order to be able to involve the
patient in the decision regarding elective surgery. The discussions on whether age at surgery
is associated with the healing process and affect the risk of complications is ongoing [76, 77].
A recent study including 5000 patients with hypospadias, found that the risk of secondary
cystoscopy and urethral dilatation/incision increased with 15% and 21%, respectively, for
each additional year of age at surgery in patients with distal hypospadias [78].

The aim of surgical intervention in boys with hypospadias is to create a urethra with good
function, correct any ventral curvature and attain a cosmetically acceptable penis. The choice
of surgical method is mainly based on the degree of hypospadias, classified according to
meatal position and ventral curvature [18]. Internationally, circumcision is most often
performed simultaneously with hypospadias repair, whilst parents of patients in Sweden often
chose to have a prepuce reconstruction performed if possible.

In glandular cases, with an absence of ventral curvature, hypospadias may be satisfactorily
corrected using the MAGPI procedure (Figure 9), which seldom requires hospitalization. The
MAGPI procedure includes meatal advancement through incision of the bridge between the
aberrant meatus and the urethral groove, and glanuloplasty combined either with prepuce

reconstruction or circumcision [10].
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Figure 9. The MAGPI procedure is often used in patients

I
& /} with distal hypospadias and absence of ventral curvature.
{ ;ﬂx L w[ ‘gj@ Meatal advancement is achieved through meato- and
=4 K S glanuloplasty. Picture from Hypospadias surgery by
: professor A.T. Hadidi. Published with the permission of
Springer.
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Penile hypospadias is more frequently associated with ventral curvature and often requires
urethroplasty in order to advance the meatal position to the tip of the glans penis. This is most
commonly performed with the TIP (tubularized incised plate) procedure (Figure 10),
introduced by W Snodgrass, in which the urethral plate is incised in the dorsal midline and
tubularized around a stent, thereby creating a neourethra [79]. The neourethra is covered with
adjacent dartos tissues in order to minimize the risk of fistulas, and the procedure is finished
with a glanuloplasty and skin closure [10]. The procedure is combined with a dripping stent
that is removed after a week.

Figure 10. The Snodgrass/TIP procedure. The urethral plate
is incised vertically, thereby making it wider, which enables
tubularization and the creation of a neourethra of sufficient
width. Picture from Hypospadias surgery by professor A.T.
Hadidi. Published with the permission of Springer.

Proximal hypospadias still remains the ultimate challenge in hypospadias repair and is often
corrected either through the Duckett procedure or a two-stage repair according to Bracka after
correction of the ventral curvature. In the Duckett procedure, a pediculed preputial flap is
used to create the neourethra around a dripping stent. The two-stage Bracka repair involves a
free transplantation of a prepuce flap to the ventral side of the penis that is circulated to a
urethra after at least a six-month period. Proximal hypospadias is frequently characterized by
a small glans that often has to be incised in the midline in order to encircle the neourethra and
bring the meatus to the tip of the penis [10].

Figure 11. The
Duckett procedure. A
neourethra is created
by encircling a
pediculed preputial
flap around a
dripping stent.
Picture from
Hypospadias surgery
by professor A.T.
Hadidi. Published
with the permission
of Springer.
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1.8 Outcomes

Surgical complications

Early complications in hypospadias repair are rare but include hemorrhage, wound
dehiscence, and infections. Many of these complications may be avoided with the appropriate
surgical technique and correct post-operative care. Urethrocutaneous fistula is the most
common late complication after hypospadias repair, estimated to affect 7.5% of patients who
have undergone single-stage hypospadias surgery [10, 80]. Fistulas may arise due to suturing
techniques and material, inadequate amounts/highly tensioned or poorly vascularized tissues
covering the neourethra, and distal stenosis. Fistula repair includes excision, suturing and
coverage with several layers of tissue to avoid recurrence [10]. Meatal stenosis may lead to
stranguria, urinary retention and infection, and is found in approximately 4% of hypospadias
repairs [11, 80]. Urethral diverticula are a rare complication that may be diagnosed at long-
term follow-up, presenting as a ballooning on the ventral side of the penis during micturition.
It may be a result of the construction of an excessively wide neourethra during primary
surgery or secondary to meatal stenosis [10]. Other late complications include persisting or
recurrent ventral curvature and glandular dehiscence [10, 11]. Although hypospadias repair
aims to reduce urinary symptoms and satisfactory cosmetic results, some patients continue to

report voiding problems and dissatisfaction with penile appearance in adulthood [81].

Sexual function and fertility

The long-term effects of hypospadias on sexual function have been investigated in many
studies and evaluated by a range of measures. Delayed sexual debut has been reported [82],
as well as ejaculatory and erectile dysfunction and dissatisfaction with the cosmetic results
[83-85]. Nonetheless, many patients report satisfactory sexual function [85, 86].

Although overall sexual functioning is described as good, fertility may still be impaired in
patients with hypospadias due to several different reasons. Common genetic origins, such as
mutations in the AR and SRD5A42 genes may induce hypospadias as well as reduce fertility
[87, 88]. As previously mentioned, low birth weight is highly associated with hypospadias,
but has also been proposed to impair future fertility in men [89, 90]. Male subfertility and the
use of ART are suggested risk factors for hypospadias, and it is plausible that subfertility
traits in the father may be transferred to the son [91, 92]. Further, anatomic features such as
persisting ventral curvature, lack of spongiosal tissue around the urethra and meatal stenosis
may inhibit intercourse and affect the ejaculation process, and dissatisfaction with penile
appearance may affect willingness to seek intimate relationships [93, 94].

Regardless of the many possible causes of impaired fertility in men with hypospadias,
methodologically correct studies on this matter are scarce. According to the World Health
Organization, infertility is defined as the inability of a sexually active and non-contraceptive
using couple to achieve spontaneous pregnancy in one year [95]. In approximately 50% of
infertile couples, abnormal semen parameters are found together with male-infertility-factors
(e.g. maldescended testes and other congenital or acquired urogenital abnormalities,
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malignancies, immunological factors such as sperm autoantibodies, urogenital infections,
endocrine disturbances and chromosomal abnormalities such as Klinefelter’s syndrome).
Infertility in a couple may be due to male or female factors, or a combination thereof. In 30-
40% no male infertility factor is found. Cases of idiopathic male infertility are supposed to be
caused by a combination of factors such as epigenetic abnormalities, reactive oxygen species,

and endocrine disruption due to environmental pollution [96].

The diagnostic evaluation of infertility must include an investigation of both partners, and the
male investigation to include medical history, physical examination and semen analysis
(volume, count, concentration, motility and morphology). If at least two semen analyses show
abnormal results, such as oligozoospermia, asthenozoospermia or teratozoospermia, further
andrological investigation, including hormonal analysis, is indicated. A common cause of
reduced male fertility is testicular deficiency and impaired spermatogenesis, these men may
present with high levels of follicle-stimulation hormone (FSH) and luteinizing hormone,
indicating hypogonadism. In addition to semen- and hormone analysis, genetic screening,
ultrasonography and biopsies of testes may be carried out [96].

The proper investigation of fertility in men involves active patient involvement and time
consuming testing, besides being costly, this may be the explanation for why it has been
scarcely investigated in men with hypospadias. However, investigations from a Danish study,
including both hormone and semen analysis in samples from 108 men with hypospadias,
revealed that semen characteristics in isolated hypospadias were similar to those of controls,
whilst men with concomitant cryptorchidism had higher levels of abnormal sperm motility,
count and morphology. Higher levels of FSH, LH and lower levels of free testosterone were
found both in men with isolated hypospadias and men with hypospadias in combination with
cryptorchidism, compared with controls [97]. Similar results are available from Kumar et al.
[98]. Although different from controls, hormonal levels were within the normal range and not
as deviant as in patients with overt hypogonadism [99]. In yet another study, endocrine
testicular dysfunction was found in 57% of boys and adolescents with hypospadias
accompanied by additional genital malformations, compared with 14% in isolated
hypospadias [100]. Overall, these three studies support the belief that men with distal or
isolated hypospadias have similar fertility compared with the general population.

Calculations of birth rates and reported paternity are other ways of estimating fertility in men
with hypospadias. In a recent Swedish investigation of 167 men with hypospadias, only those
with proximal hypospadias had a lower reported fertility compared with distal hypospadias
and controls [86], and a Finnish study reported on a similar number of children in men with
hypospadias (n=46) and controls (n=43) [101]. In contrast to these results, Asklund et al.
found lower paternity rates in hypospadias (n=1043) compared with age-matched controls,
despite similar semen characteristics [97].
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Well-being and psychosocial outcomes

Well-being is a subjective term and may be described as feeling good and judging life in
positive terms. Personality traits, genetic factors and individual physical and mental health
status are all related to well-being. Having supportive relationships has a notably positive
effect on happiness and is a strong determinant of well-being and general health.
Employment and income ensure access to basic resources such as shelter and food, and are
fundamental to well-being. Level of income has some effect on happiness, probably by
enabling a higher standard of living, leisure time, and access to medicine and thus mediating
better health. Education is closely linked to both income and occupational status, but is also
independently associated with level of happiness. However, the direction of causality and the
level of interaction between the above-mentioned associations is hard to determine [102].

There are several reasons to consider whether the well-being of boys and men born with
hypospadias is impaired. Having a child with a congenital malformation may have negative
effects on the parents’ mental health with subsequent effects on the cognitive and socio-
emotional development of the offspring [72, 103-105]. Further, there are concerns regarding
the effect of surgery and anesthesia in childhood on later cognitive function. However, a
recent population-based Swedish study only found a very small association between exposure
to surgery before the age of four and school grades and IQ level at conscription. The effects
of early surgery were much less than the effects related to sex, birth month and parental
educational level [106].

Early studies on small populations suggested that boys with hypospadias had more behavioral
problems, poorer school performance, were bullied more, and showed shyness more often
than controls [82, 107]. In addition Berg et al. found that men with hypospadias had less
qualified occupations compared with controls [108]. However, later and larger studies have
not been able to reproduce these findings but have suggested a good psychosocial
development in boys and men with hypospadias [94, 109, 110]. Further, a comparable level
of education and income has been reported in more recent studies [94, 101, 109-111].
Available studies on health-related quality of life in boys, adolescents, and men with
hypospadias show contradictory results [110, 112, 113]. Studies on hypospadias and
psychiatric disorders are rare, but an increased risk of neurodevelopmental disorders,
intellectual disability, anxiety, depression, and behavioral and emotional disorders has been
described [114, 115].
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2 AIMS

The overall aim of this thesis was to increase the knowledge on the etiology and
consequences of hypospadias.

The specific objectives were:
Study I

- To describe the prevalence of hypospadias in Sweden and investigate if trends were
due to temporal changes in risk factors.

Study II

- To describe the association between hypospadias and spinal-bulbar muscle atrophy
(SBMA) and investigate the co-occurrence in subjects and within families.

Study I11

- To increase the knowledge on psychosocial outcomes in adult men born with
hypospadias.

Study IV

- To assess the fertility in adult men born with hypospadias by register-based methods.
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3 MATERIAL AND METHODS

3.1 At a glance
Population Material Method

I Cohort 1: All men born Exposure: Parental and Descriptive statistics of
between January 1973 and perinatal characteristics as prevalence. Simple and
December 2009 in Stockholm,  recorded in the MBR. Outcome:  multivariable logistic
Malmo or Uppsala counties. Registered diagnosis of regression when investigating

hypospadias. the association between
Cohort 2: All men born in hypospadias and risk factors.
Sweden between January Logistic regression model, with
1387 and December 2009. significant risk factors as
covariates, when investigating
temporal trends in prevalence.

II One clinical case from One clinical case. Mutational screening.
Karolinska University
Hospital. In registers: All men Register-based screening of Cross linkage of data from the
with a registered diagnosis of concomitant hypospadiasand =~ MBR, NPR and MGR in order to
hypospadias born in Swedish suspected diagnosis of SBMA detect SBMA within male first-
counties with full coverage in in individuals and within and second-degree relatives of
the NPR and their male first- families. patients with hypospadias.
and second-degree relatives Descriptive data only.
on the maternal side.

III All men with a registered Exposure: Hypospadias, sub- Conditional logistic regression.
diagnosis of hypospadias born  grouped according to Sensitivity analysis
between 1969 and 1993 in phenotype. Outcome: investigating the effects of
Swedish counties with full Socioeconomic outcomes psychiatric illness.
coverage in the NPR, matched collected from LISA, UREG and
with 100 unaffected men by Grade 9 School marks Register.
birth year and birth county. Covariates: Perinatal
Followed until December characteristics from MBR and
20009. NPR.

IV  Allmen born in Sweden Exposure: Hypospadias, sub- Cox proportional hazard with
between 1964 and 1998, in grouped according to robust standard errors in the
counties with full coverage in phenotype. Outcome: Age at full cohort. Stratified Cox
the NPR and who had notdied  childbirth, childbirth conceived proportional hazard model,
or emigrated before the age of  through ART and diagnosis of = conditional on sibling group, in
fifteen. Followed until male infertility from MBRand  sibling analyses. Sensitivity
outcome event, migration, NPR. Covariates: Maternal and  analyses exploring the effect of
death or 31st December 2013.  perinatal characteristics from cryptorchidism, and other

MBR and NPR. additional malformations.
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3.2 Data sources

Since 1947 all residents in Sweden have been assigned a personal identification number
(PIN), consisting of their birth data and a unique four-digit identification number [116]. Via
the PIN, data from Swedish nationwide population-based registers may be linked together
[117]. The studies in this thesis take advantage of registers providing health care data held by
the National Board of Health and Welfare (NBHW) and registers held by Statistics Sweden,
containing demographic data. Additional data on twins were collected from the Swedish
Twin Register held by the Department of Medical Epidemiology and Biostatistics at
Karolinska Institutet.

The National Patient Register

In 1964 the NBHW began documenting individual hospital discharges in the National Patient
Register (NPR). The register expanded gradually and only included data from only a few
counties when it began, to full nationwide coverage from 1987 and onwards. Each recording
corresponds to one in-hospital event and contains data on admission and discharge and up to
eight diagnoses. Since 2001 additional diagnoses given at outpatient specialist clinics have

been collected. No data from primary care are recorded in the NPR.

Diagnoses are coded according to the International Classification of Disease (ICD) system
and retrieved from records written by physicians. Data withdrawals may therefore include
spelling errors or irregularities nevertheless, the accuracy of recordings has been estimated to
be more than 98%, with an overall positive predictive value of 85-95% [118, 119]. Within
this thesis, ICD codes from four different time periods were used: ICD-7 (1964-1968), ICD-8
(1969-1986), ICD-9 (1987-1996) and ICD-10 (1997 and onwards). From the NPR we
collected information on diagnosis of hypospadias, used in all four studies, information on
additional malformations used in Studies III and IV, and presumed diagnosis of SBMA used
in Study 1.

The Medical Birth Register

The Medical Birth Register (MBR) was established in 1973 by the NBHW and provides data
on 98% of all births in Sweden. The register contains information on mother and child
recorded in the antenatal-, delivery- and neonatal care, such as maternal age, weight and
smoking habits, ART, the child’s sex, gestational age, birth weight, and diagnoses [120].
Diagnoses on mother and child are recorded according to the International Classification of
Disease (ICD) system. Within this thesis we used the MBR to collect data on diagnosis of
hypospadias, used in all four studies, and additional data on outcomes and covariates used in
Studies I, Il and IV.

The Cause of Death Register
The Cause of Death Register, held by NBHW, was established in 1952 and records data on
the deaths of all Swedish residents. The register contain data on date and cause of death

according to the ICD classification on all residents, regardless of whether the death occurred
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inside or outside the country [121]. Data from the Cause of Death Register was used in
Studies II, Il and V.

The Total Population and Multi-Generation Register
Statistics Sweden established The Total Population Register (TPR) in 1968 [122]. The
register provides information on births, civil status, citizenship, migration, and place of

residence and was used in Study I, II1l and 1V'.

The Multi-Generation Register (MGR) was established as part of the TPR in 1991 and
enables linkage between individuals and parents [123]. It includes all individuals registered in
Sweden since 1961, born 1932 or later. Information on the mother is available in 97% of
children born and information on the father, most often established as the husband of the
mother or by acknowledgement, is present for 95% of children born in Sweden. The MGR
was used to establish familial relationships in Studies I, II and II1.

Longitudinal Integration database for Health and Labor Market Studies

The Longitudinal Integration database for Health and Labor Market Studies (Swedish
acronym, LISA) is held by Statistics Sweden and contains information on income, education,
employment and compensation from social insurance. Data on all Swedish residents, aged 16
years or older, has been collected annually since 1990 [124]. Earlier data on income and
educational level is available from The Population and Housing Censuses (Swedish acronym,
FoB) that were conducted every fifth year between 1960 and 1990, based on questionnaires
that all Swedish residents who had attained the age of fifteen were obliged to fill in, the
response rate ranges between 97.5 and 99.2% [125].

Additional data on educational level and eligibility for high school are available from the
Register of Education (Swedish acronym, UREG; 1985 and onwards) and the Grade 9 School
Marks Registers (1998 and onwards) [126]. Information from LISA, FoB 75-85, UREG and
Grade 9 School Marks Registers was used in Study IV.

3.3 Defining hypospadias

The most accurate way to identify, and properly classify, individuals with hypospadias is in
the clinical setting with direct access to the patient. This is a time- and cost consuming
activity from a researchers point of view, and seldom provides study populations as large as
population-based registers. The results within this thesis are solely based upon register data,
thus relying on the reports of others. Data on a diagnosis of hypospadias were collected from
the NPR and MBR as recorded according to the ICD system. One diagnosis of hypospadias
in either the NPR or MBR was sufficient to be classified as a case with hypospadias. The
studies include men born in 1964-2009 and hypospadias was accordingly defined on the basis
of four different ICD coding systems (ICD-7: 757.21, ICD-8: 752.20, 752.21, 752.22, 752.29,
ICD-9: 752.6 and ICD-10: Q54.0, Q54.1, Q54.2, Q54.3, Q54.8, Q54.9). Hypospadias was
classified according to phenotype as far as possible but the codes in ICD-7 and ICD-9 do not
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provide any additional information on the severity of hypospadias, as do the codes in ICD-8
and ICD-10. If codes corresponding to more than one phenotype were recorded, the most

severe definition of hypospadias was used in analyses.

ICD-7 (1964-1968) ICD-8 (1969-1986) ICD-9 (1987-1996) ICD-10 (1997-

Hypospadia Hypospadia glandis = Hypospadi Glandular
(757.21)* (752.20)** (752.6)* hypospadias
(Q54.0)**
Hypospadia scrotalis Penile
(752.21)*** hypospadias
(Q54.1)**
Hypospadia totalis Penoscrotal
(752.22)*** hypospadias
(Q54.2)***
Hypospadia alia sive Perineal
NUD hypospadias
(752.29)* (Q54.3)***
Hypospadias not
other specified
(Q54.8, Q54.9)*

* Sub-grouped as hypospadias not other specified (NOS)
** Sub-grouped as distal/mild hypospadias
*#* Sub-grouped as proximal/severe hypospadias

3.4 Study populations and designs

Researchers are often interested in establishing causal relationships, but when interpreting the
scientific results of observational studies such as those within this thesis, one must remember
that mere associations do not always imply causality. Although a significant association is the
present between two variables, it does not automatically mean that the outcome is caused by
the exposure. Associations may be present due to the effect of bias, such as confounding. A
confounder is defined as a variable that is a common cause of both exposure and outcome,
but is not on the causal pathway. Study designs and statistical modeling may strive to reduce
the effect of bias due to confounding by adjusting for the effect of these variables in analyses.

If a covariate lies on the causal pathway in between exposure and outcome it is referred to as

a mediator.

sun exposure
use of
sunscreen Ee—)
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Figure 12. [llustration of an association confounded
by a factor associated with both exposure and
outcome. The association between the use of
sunscreen and skin cancer is present due to the
confounding effect of sun exposure.




Study |

This study aimed to investigate whether there has been any change in the prevalence of
hypospadias in Sweden and to establish risk factors for hypospadias in the Swedish
population.

As previously mentioned, the diagnosis of hypospadias was collected from both the MBR
and NPR and the latter did not reach nationwide coverage until 1987. In order to obtain a
longer observational time, the population was split into two cohorts. Cohort 1 included men
born in large Swedish counties (Stockholm, Uppsala and Malmd) between 1973 and 2009,
and the second, nationwide, cohort 2 consisted of all men born between 1987 and 2009. A
subset of parental (age, weight, ethnicity, the use of ART to conceive) and perinatal (born
small for gestational age (SGA) or as twin) characteristics was selected as putative risk
factors. Analyses comparing the risk of being born with hypospadias in different birth
cohorts, i.e. years with high prevalence vs. years with low prevalence, were carried out in

order to investigate if trends in prevalence were due to temporal changes in risk factors.

Study Il

Study II aimed to highlight the association between hypospadias and the neuromuscular
condition spinal-bulbar muscle atrophy (SBMA), also known as Kennedy’s disease.

The study includes the description of one clinical case from Karolinska University Hospital
and an attempt to investigate the co-occurrence of hypospadias and SBMA in individuals and
within families in the Swedish registers. An obvious obstacle when evaluating SBMA by
register-based methods is that the condition has no specific ICD code. In order to identify
cases with suspected SBMA the following codes covering motor neuron disease were
included (ICD-8: 348.9, ICD-9: 335W, 335X, ICD-10: G12.2). The criteria used in order to
exclude possibly misdiagnosed or very uncertain diagnoses of SBMA and patients with ALS
are presented in Table 1.

Exclusion criteria

<6 years follow-up

Deceased <6 years after first diagnosis of motor neuron disease
Diagnosis at <20 or >65 years of age

Motor neuron disease as cause of death

Presence of additional neurological diagnoses:

Stroke (prior to presumed SBMA diagnose)

Late effect of cerebrovascular disease

Multiple sclerosis

ALS

Table 1. Exclusion criteria for identifying suspected cases of SBMA in the NPR.
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Study il

The third study aimed to obtain an overall picture of well-being through different
socioeconomic outcomes in men born with hypospadias and was performed as a matched
cohort study.

The socioeconomic outcomes were: highest attained educational level (elementary, upper
secondary or college) and income level (categorized as low, median or high. Range of
categories derived from yearly calculations of income levels in the total male population,
divided into quintiles), eligibility for high school (i.e. passing grades in eight subjects,
including mathematics, Swedish and English), getting married, and ever receiving disability
pension. In addition, sensitivity analyses investigating the effects of psychiatric illness as a
putative mediator were conducted. In order to stretch the observational period, all men with a
hypospadias diagnosis that were born in counties with full coverage in the NPR from 1969
were included. Since the cohort was followed until 2009 and outcome variables were mainly
available from LISA, where individuals aged 16 and older are included, only men born before
1994 were included. Eligibility for high school was investigated in analyses restricted to men
born in 1983 and onwards.

The matching of subjects may be performed in order to obtain similar characteristics in those
exposed and unexposed and thus reduce bias due to confounding by these factors. In Study
111, men diagnosed with hypospadias were matched with 100 unaffected men, by birth year
(as a proxy of age), and birth county.

Study IV

Study IV aimed to assess fertility in men with hypospadias and was conducted as a
nationwide cohort study.

The study investigates the associations between hypospadias and 1) having biological
children, 2) conceiving through ART and 3) receiving a diagnosis of male infertility. All men
born in Swedish counties with full coverage of the NPR, between 1964 and 1998, and who
had not died or emigrated before the age of fifteen, were included. Individuals were followed
until outcome event, death, migration or 31 December 2013.

As previously stated, observational studies may identify associations between exposures and
outcomes, but this may not be due to a causal effect. Adjustments for confounding factors
may help elucidate causal relationships, but can only be addressed if known and measured.
Unmeasured confounders may evoke non-causal spurious associations between exposures
and outcomes. Confounders, in terms of genetic and behavioral factors are often shared
within families. Full siblings share approximately half of their genes and are most often
exposed to the same parental factors or intrauterine exposures. In a within-family design
individuals are compared with siblings or twins within the same family, thus adjusting for
shared familial factors that may account for confounding affects. If the association between

an exposure and outcome is causal, the additional within-family comparisons will expand
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the possibilities to make causal inference by adjusting for shared confounders such as

common genetics and environmental exposures [127].

To further investigate the causal relationship between being born with hypospadias and
subsequent fertility, we estimated the associations both within the full cohort and between
full brothers, thereby adjusting for familial confounding. The study further includes
sensitivity analyses in which men with cryptorchidism, additional other malformations, or

psychiatric illnesses are excluded.

3.5 Statistical methods

Statistics, in terms of collecting and interpreting data, is an ancient science. As early as in the
second millennium BC the Pharaohs of Egypt required periodic censuses, which were used
for tax gathering and recruitment to military services. Statistics may be descriptive, e.g.
summarized data from censuses, or inferential. Inferential statistics are based upon
probability theory and are used to draw conclusions from data that are subject to random
variation. In epidemiology, descriptive statistics may be used to describe the available data in
detail while statistical analyses are used to describe the relationship between exposures and
outcomes. The calculations are based upon a sample of data, from which patterns of
associations are estimated with mathematical methods. The number of different statistical
models is vast, and the choice of model depends on which data is analyzed and what research
question is to be answered [128, 129].

Logistic regression

Logistic regression models are used to study the association between exposure and outcome,
and may be applied when the outcome is either binary (as in the case of hypospadias, yes/no)
or categorical (as the highest level of income; low/median/high). Multiple, or multivariate,
logistic regression analysis may be used to examine the impact of multiple exposures on a
binary outcome and covariates may be included in the logistic regression model to adjust for
confounding factors. The effect estimate is an Odds Ratio (OR), with corresponding 95%
Confidence Intervals (95% CI). When studying categorical outcomes one category of the
outcome must be chosen as a reference, the OR then reflects the change in odds when being
in a particular category compared with the reference category. Odds are not the same as risk,
but the OR may be similar to the relative risk if the outcome of interest is rare [128, 129].

Logistic regression models were used in Studies I and I11. In Study I single and multivariate
logistic regression models were used when estimating the associations between risk factors
and hypospadias. Further, we investigated the cause of temporal changes in prevalence by
comparing the risk of hypospadias in different birth cohorts and including the risk factors as

covariates.

Conditional logistic regression models may be used when dealing with matched data such as
in Study I11. The models in Study Il were further adjusted by including gestational age, birth
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weight and additional malformations as covariates. All computations including logistic
regressions were performed in SAS.

Time-to-event analysis and Cox proportional hazard models

Survival analysis, or time-to-event, analysis is used when study participants are followed
from a start time to an endpoint. It requires a precise and unambiguous definition of start and
end of follow-up, event of interest (e.g. disease occurrence or death) and time scale (i.e.
attained age, time-in-study or calendar time).

In Study IV we used Cox proportional hazard models to perform time-to-event analysis. In
contrast to logistic regression models, in which the proportion of events are investigated, Cox
proportional hazard models compare the rate of events, thus taking time under exposure into
account. Whilst a odds ratio provides information on the proportion of events in the end of
the study period, the hazard ratio tells one the risk of an event at any particular point in time
(e.g. at any age or at any time since diagnosis). It is most intuitively applied when studying
survival but is beneficial in situations when follow-up is different and time-at-risk should be
taken into account. The model adjusts for the effect of time very efficiently and if any
particular time scale is a strong confounder of the association between exposure and outcome,
it should be chosen as the underlying time scale. The actual rate may vary over time, but the
model demands proportionality, i.e. that the difference in rate between the exposed and
unexposed (hazard ratio) is constant over time. This assumption may be evaluated visually by
plotting the log cumulative hazard functions or by investigating the Shoenfeld’s residuals
[129].

In Study 1V, attained age was chosen as the underlying time scale, and the possible endpoints
were the three different outcome events (age at: first childbirth, first childbirth conceived
through ART, diagnosis of male infertility). Subjects were censored at death, migration or
end of study period. Birth weight, gestational age and maternal ethnicity were added as
additional covariates to the models. In sibling comparison, a stratified Cox proportional
hazards model, conditional on sibling group, was used to estimate the associations in exposed
and unexposed full brothers. In sensitivity analyses the effect of psychiatric disease,
additional malformations and cryptorchidism were investigated. All computations including
Cox proportional hazard models were done in STATA version 14.

28



4 MAIN RESULTS AND DISCUSSION

4.1 More boys are assigned with a diagnosis of hypospadias

In Study I we found an increased prevalence of boys who had received a diagnosis of
hypospadias during the late 20™ century. The increase in prevalence was present for both
distal and proximal hypospadias (Figure 13).
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Figure 13. Prevalence of hypospadias in Sweden 1987-2009 and Stockholm, Malmo and Uppsala 1973-2009.

Out of the parental and perinatal factors investigated, being born small for gestational age, as
a twin, by parents from greater Europe and Asia or as a result of ART treatment was
significantly associated with having the diagnosis of hypospadias (Table 2).

Multivariate -87

Univariate -87 Multivariate -91

OR (95% Cl) OR (95% Cl) OR (95% Cl)
Parental ethnicity
Swedish 0.81 (0.78-0.86) 0.94 (0.87-1.02) 0.94 (0.87-1.02)
Nordic 0.77 (0.58-1.02) 0.99 (0.71-1.39) 1.17 (0.82-1.69)
Greater European 1.52 (1.37-1.68) 1.46 (1.26-1.68) 1.41 (1.21-1.63)
Asian 1.65 (1.51-1.80) 1.51 (1.33-1.72) 1.45 (1.27-1.65)
African 1.35 (1.16-1.57) 1.20 (0.98-1.46) 1.13 (0.92-1.39)
Other 0.52 (0.35-0.78) 0.50 (0.30-0.83) 0.41(0.22-0.74)
Pre-pregnancy BMI
<19 0.95 (0.88-1.03) 0.95 (0.87-1.04) 0.99 (0.89-1.09)
20-24 0.90 (0.86-0.95) 0.94 (0.87-1.02) 0.95 (0.87-1.03)
25-29 1.03 (0.98-1.09) 1.00 (0.92-1.08) 0.99 (0.91-1.07)
>30 1.19 (1.10-1.28) 1.13 (1.02-1.25) 1.10 (0.98-1.22)
Parental age
Mother >35 y.a 1.02 (0.95-1.09) 1.04 (0.95-1.14) 1.01 (0.92-1.11)
Father >35vy.a 0.97 (0.92-1.03) 1.00 (0.93-1.07) 0.98 (0.91-1.06)
SGA* 4.17 (3.85-4.52) 4.15 (3.87-4.56) 4.34 (3.94-4.78)
Twin* 1.84 (1.66-2.04) 1.90(1.69-2.13) 1.80 (1.59-2.04)
ART** 1.34 (1.22-1.48) N.A 1.15 (1.02-1.29)
Non-ICSI ART 1.29 (1.16-1.42) N.A 1.16 (1.02-1.31)
ICSI 1.65(1.31-2.1) 1.06 (0.75-1.48)

Table 2. Uni- and multivariate models on the association of parental and perinatal factors on hypospadias.
*Separate models for SGA and twin. ** Subjects born 1991 and onward included. ART included as either binary
or categorical (ref:- no ART) exposure.
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Further, the temporal variation in prevalence could not be explained by changes in the
investigated risk factors (Table 3).

Crude Adjusted

OR (95% Cl) OR (95% Cl)
Nationwide
2006-2007 vs. 1992-1993° 1.42 (1.29-1.57) 1.37 (1.22-1.54)*
Stockholm, Malmé and Uppsala
2006-2007 vs.1973-1974°
Hypospadias as an aggregate 1.76 (1.47-2.1) 1.67 (1.39-2.02)**
Distal hypospadias 1.86 (1.52-2.26) 1.80(1.47-2.21)**
Proximal hypospadias 5.76 (2.25-14.77) 4.02 (1.51-10.71)**

Table 3. Comparison of birth cohorts and risk of hypospadias. a. Born 2006-2007: N=110.604, cases=899
(0.81%). Born 1992-1993: N=123.943, cases=710 (0.57%). b. Born 2006-2007: N= 46.749, cases=395 (distal
83.8%, proximal 9.4%). Born 1973-1974: N=38.018, cases=180 (distal 80.4%, proximal 16.8%). *European,
Asian or African parentage, SGA, ART as a categorical covariate, maternal BMI >30 as a binary covariate.
**European, Asian or African parentage or being a twin.

This study confirmed the previous notion that being born small for gestational age is highly
associated with having hypospadias [24]. Asian and greater European parentage was
associated with hypospadias, probably reflecting genetic variations. We could not detect any
significant association between hypospadias and ICSI. Previous Swedish studies have shown
temporal variations in the effect of ART on a subsequent risk of hypospadias [130-132], and
a recent meta-analysis could not detect any certain increase in risk of hypospadias when
comparing ICSI with non-ICSI ART [39]. Temporal variations in the risk of hypospadias
associated with ICSI may be due to improved protocols, reduced twinning rates or changes in
treatment criteria (i.e. paternal subfertility).

Similar to many other studies, we found an increasing prevalence of boys with a diagnosis of
hypospadias. The highest observed frequencies were found in 2006-2008 and ranged between
400-450 cases per year. The majority of cases had more than one registered diagnosis of
hypospadias. The prevalence in our study is high compared with many other studies, but
similar to the results of several European and American register-based studies [61, 133, 134].
There are many potential causes of the observed trend in our and other studies. Firstly, the
increase may be due to previous under-reporting, and possibly later over-reporting, of
hypospadias. In the 1970s and 1980s many boys with mild glandular hypospadias were left
without surgical intervention or only underwent circumcision, and were thus seen at
outpatient visits and, further, they may not even have been referred to a pediatric urologist for
evaluation. In addition, there has been an increased awareness of hypospadias throughout the
study period, which may have led to a gradually more complete registration of distal
hypospadias. We did, however, detect an increasing prevalence of boys who had received a
diagnosis corresponding to proximal hypospadias as well. We find it less likely that the
finding of proximal hypospadias suffers from under-reporting in live-born boys. Studies on
the association between preterm birth and hypospadias show somewhat conflicting results
[24], nonetheless, proximal hypospadias seems to have a stronger association with preterm

30



birth than distal hypospadias [25]. Obstetric and neonatal care has evolved substantially over
the last few decades, and children who previously were lost in late pregnancy, may now
present as preterm survivors. It is possible that the observed trend is explained by the
decreasing frequencies of stillbirths, and especially so in proximal hypospadias. Further, the
progress in surgical techniques and access to ART may have improved fertility outcomes in
men with hypospadias. With a greater chance of affected men having children, the load of
genetic risk factors for hypospadias in the population may have increased. It has also been
proposed that the increased prevalence of genital malformations may partly be due to
endocrine disrupting chemicals.

4.2 Hidden comorbidities and the impact of molecular diagnostics

In the second study we described a clinical case of a boy born in Sweden and diagnosed with
isolated proximal hypospadias at birth. There was no history of neuromuscular disorders or
hypospadias in the family. Routine mutational screening of five genes; AR, SRD5A42,
HSDI17B3, WTI and SF1, was performed and a pathological expansion of 42 CAG repeats in
exon 1 in the AR gene, located on the X chromosome, was unexpectedly found (normal range
17-34 CAG repeats). Previous studies have shown that CAG expansion in the AR gene is
associated with hypospadias and this mutation may thus have contributed to the development
of hypospadias in this patient [135, 136]. Further, a CAG expansion of this size is known to
cause the rare disorder of spinal-bulbar muscle atrophy (SBMA) later in life [137, 138]. The
mother was tested and was found to be a carrier of the mutation. The screening of Swedish
national registers identified one male with hypospadias and suspected SBMA, and three cases
of potential SBMA in the male relatives (compatible with an X-linked recessive inheritance
pattern) of men with a diagnosis of hypospadias.

There are only two previous reports describing the co-occurrence of either hypospadias or
chordee and a CAG expansion in the range that predisposes for future development of SBMA
[139, 140]. This may be due to the fact that hypospadias is an under reported feature of
SBMA, since the association has not been acknowledged by the neurological community and
neurologists may simply fail to enquire about childhood diagnoses. It is also likely that
hypospadias is very rare in men with SBMA.

Spinal-bulbar muscle atrophy (SBMA) shows consistent X-linked inheritance. The elongated
CAG repeat alters the conformation of the androgen receptor, which gains toxic functions and
accumulates in the nuclei of neurons. The main histopathological findings in patients with
SBMA are the loss of motor neurons in brainstem motor nuclei and motor neurons in anterior
horns of the spinal cord [141]. The elongation of the CAG repeat in the AR is associated with
an attenuated transactivation function, and may thereby reduce the effect of androgens during
the formation of male external genitalia, and be responsible for symptoms of androgen
insensitivity in SBMA [142, 143]. It is unlikely that the elongation of the CAG repeat in the
AR gene alone is causative of hypospadias, since in that case all men with SBMA would
present with hypospadias. More likely is that elongation of the CAG repeat modulates the
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risk of hypospadias, and in combination with other genetic variations and environmental

influences results in under-masculinized genitalia [135].

Molecular diagnostics in proximal hypospadias are important since they may tell us more
about recurrence risk within the family and future fertility in the subject, and in addition help
the scientific community elucidate the genetic origins of hypospadias. Molecular testing for
SBMA in asymptomatic individuals younger than 18 is not considered appropriate, since it is
of little benefit and negates the autonomy of the child [138]. In a case like ours, the
psychological burden of the diagnosis primarily falls on the parents that have to cope not only
with the fact that their child is born with a congenital malformation, but also that their child is
the carrier of a mutation that will inevitably lead to future morbidity. However, regardless
how unexpected the finding might be, the health care system has a responsibility to give full
disclosure to the patients.

Molecular diagnostics have led to great progress in terms of detecting, treating and
monitoring risk of disease. With that success follows a great responsibility for the health care
system to inform patients on the possible outcomes of genetic testing and help them cope
with the impact of discouraging results.

4.3 Socioeconomic outcomes and aspects of well-being

In Study III we found that men with hypospadias, as an aggregate, were similar to non-
affected men with regards to income level, educational level and marriage status. They were,
however, at a greater risk of receiving a disability pension, and the risk remained after
adjustments for confounding factors and in sensitivity analyses excluding men with
psychiatric comorbidity. A subset of the population born 1983 and onwards was less likely to
be eligible for upper secondary school, but the upper boundary of the CI was close to 1, after
adjustment for confounding factors (Table 4).

Crude Model 1* Model 2** Model 3***

OR (95% Cl) OR (95% CI) OR (95% Cl) OR (95% CI)
Entered marriage 1.03 (0.92-1.14) 1.05(0.95-1.17) 0.99 (0.88-1.12) 1.02 (0.90-1.14)
Disability pension 2.01(1.75-2.30) 1.46(1.27-1.69) 1.87 (1.62-2.15) 1.39(1.20-1.61)
Eligible for upper 0.81(0.72-0.90) 0.82(0.74-0.92) 0.86(0.77-0.96) 0.87 (0.78-0.98)
secondaryt
Highest level of education
Elementary school 1.15(1.04-1.27) 1.12(1.01-1.24) 1.11(1.00-1.23) 1.09 (0.99-1.20)
Upper secondary school 1 1 1 1
College 1.04 (0.96-1.13) 1.05(0.97-1.14) 1.06(0.98-1.16) 1.07(0.98-1.17)
Highest level of income
Low income 1.01(0.91-1.13) 1.00(0.90-1.11) 1.01(0.90-1.12) 0.99(0.89-1.10)
Median income 1 1 1 1
High income 0.90 (0.82-0.99) 0.93 (0.84-1.01) 0.93 (0.84-1.02) 0.95 (0.86-1.04)

Table 4. Logistic regression models for the associations between hypospadias and socioeconomic outcomes,

regardless of phenotype, conditional on birth year and birth county. 1 Men born 1983 and onwards included.
*Adjusted for additional malformations, **adjusted for gestational age and birth weight, ***adjusted for
additional malformations, gestational age and birth weight.
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When assessing the same outcomes in distal hypospadias, the results were similar except that

the association with disability pension was no longer evident after adjustments for additional

malformations and other perinatal characteristics (Table 5).

Entered marriage

Crude
OR (95% Cl)
1.03 (0.91-1.16)

Model 1*
OR (95% Cl)
1.05 (0.93-1.19)

Model 2**
OR (95% Cl)
1.01 (0.89-1.15)

Model 3***
OR (95% Cl)
1.03 (0.91-1.18)

Disability pension

1.72 (1.42-2.09)

1.28 (1.06-1.56)

1.60 (1.31-1.95)

1.20 (0.98-1.48)

Eligible for upper
secondaryt

0.71 (0.60-0.85)

0.73 (0.61-0.87)

0.75 (0.63-0.90)

0.77 (0.64-0.92)

Highest level of education

Elementary school

1.08 (0.94-1.24)

1.05 (0.91-1.21)

1.06 (0.92-1.22)

1.03 (0.89-1.19)

Upper secondary school

1

1

1

1

College

1.03 (0.93-1.13)

1.04 (0.94-1.14)

1.03 (0.94-1.15)

1.04 (0.94-1.15)

Highest level of income

Low income

0.97 (0.82-1.16)

0.96 (0.81-1.15)

0.97 (0.81-1.16)

0.96 (0.81-1.15)

Median income

1

1

1

1

High income

0.89 (0.80-0.98)

0.91 (0.82-1.01)

0.92 (0.82-1.02)

0.93 (0.84-1.05)

Table 5. Logistic regression models for the associations between distal hypospadias and socioeconomic
outcomes, conditional on birth year and birth county. 7 Men born 1983 and onward included. *Adjusted for
additional malformations, **adjusted for gestational age and birth weight, ***adjusted for additional
malformations, gestational age and birth weight.

In men with proximal hypospadias, the only association that remained significant after

adjustment for confounding factors was that indicating an increased risk of receiving a

disability pension (Table 6).

Entered marriage

Crude
OR (95% Cl)
0.82 (0.46-1.46)

Model 1*
OR (95% CI)
0.87 (0.48-1.55)

Model 2**
OR (95% CI)
0.78 (0.40-1.52)

Model 3***
OR (95% Cl)
0.82 (0.42-1.60)

Disability pension

4.24 (2.59-6.93)

2.32(1.37-3.91)

3.13(1.85-5.31)

1.94 (1.11-3.37)

Eligible for upper
secondaryt

1.96 (0.91-4.20)

1.98 (0.92-4.28)

2.21 (1.00-4.77)

2.23 (1.03-4.82)

Highest level of education

Elementary school

1.26 (0.79-2.01)

1.16 (0.72-1.86)

1.14 (0.69-1.86)

1.06 (0.65-1.75)

Upper secondary school

1

1

1

1

College

1.06 (0.71-1.60)

1.07 (0.71-1.61)

1.12 (0.73-1.72)

1.13(0.74-1.75)

Highest level of income

Low income

1.15 (0.71-1.86)

1.13 (0.69-1.83)

1.09 (0.67-1.76)

1.07 (0.65-1.76)

Median income

1

1

1

1

High income

0.72 (0.45-1.16)

0.80 (0.49-1.28)

0.87 (0.53-1.46)

0.93 (0.56-1.56)

Table 6. Logistic regression models for the associations between proximal hypospadias and socioeconomic

outcomes, conditional on birth year and birth county. 1 Men born 1983 and onwards included. *Adjusted for
additional malformations, **adjusted for gestational age and birth weight, ***adjusted for additional
malformations, gestational age and birth weight.

Although it only affects a small group of patients, the finding regarding disability pension in
men with proximal hypospadias is worrying. It reflects an impaired work ability, but as a
consequence of what remains unclear. The two main reasons for sick leave and receiving a
disability pension in Sweden are psychiatric disorders and musculoskeletal diagnoses. It is
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possible that men with hypospadias suffer from more musculoskeletal problems in adulthood,
due to the association with limb anomalies. Being born preterm or with low birth weight is
associated with both hypospadias and adverse health outcomes and developmental
impairment later in life. However, after adjustments for additional malformations, birth
weight and gestational age at birth, the association with disability pension remained
significant. The effect of psychiatric illness was taken into account in sensitivity analyses, but
did not diminish the association substantially. The association is thus mediated or confounded
by some other, at present, unknown factors. The risk was present primarily in men with
proximal hypospadias, who may have androgen insensitivity as a result of mutations in the
AR gene or gonadal dysfunction with subsequent androgen deficiency for other reasons. A
low testosterone level, or a reduced response to testosterone, is associated with a number of
symptoms in men. The boy with a pre-pubertal onset of androgen deficiency may present
with delayed puberty, reduced sexual desire, and low bone mass. Symptoms associated with
androgen deficiency in the adult male are insulin resistance, obesity, metabolic syndrome,
osteoporosis, depression, and diminished cognitive function [99]. It is possible that the
increased risk of receiving a disability pension in men with proximal hypospadias is due to

such conditions related to androgen deficiency.

Apart from the increased risk of a disability pension, most socioeconomic outcomes were
similar. The subjects with hypospadias achieved similar level of education and income, which
are both important aspects in well-being. Further, the men with hypospadias were as likely to
being registered as married as non-affected men. Marriage served as a proxy of having a
supportive relationship, but may lack specificity in a society like the Swedish, where only
70% of cohabiting couples enter marriage[ 144]. The result of this study is by no means an
exact measure of equal happiness in men with and without hypospadias, but we do hope that

it reflects a similar level of well-being.
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4.4 Assessment of fertility by register-based methods

In Study 1V, fertility was assessed by three different outcomes; registered paternity,
conceiving through ART, and a registered diagnosis of male infertility. The crude cumulative
incidence of paternity by phenotype is presented in Figure 14.
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Figure 14. Crude cumulative incidence of registered paternity, by phenotype.

In time-to-event analyses, a significant inverse association between registered paternity and
hypospadias was present in all subgroups. The reduction in probability was nearly non-

significant in men with distal hypospadias and most prominent in men with proximal

hypospadias (Table 7).
Crude -64 Model 1 -64 Crude -73 Model 2 -73
GLYE ) HR (95% Cl) HR (95% Cl) GLYEA)
All hypospadias 0.87 (0.82-0.92) 0.87(0.83-0.92)  0.89 (0.84-0.94)  0.90 (0.85-0.96)
NOS hypospadias 0.84(0.75-0.94) 0.84(0.75-0.94) 0.84 (0.74-0.96) 0.86 (0.76-0.98)
Distal hypospadias 0.90 (0.84-0.96)  0.90 (0.85-0.96)  0.92 (0.86-0.98)  0.93 (0.87-0.99)
Proximal hypospadias  0.58 (0.42-0.81)  0.59 (0.42-0.81)  0.64 (0.44-0.89)  0.65 (0.46-0.92)

Table 7. Cox regression models for the association between hypospadias and being registered as a biological
father in the full cohort, by phenotype. Model 1 adjusted for maternal ethnicity. Model 2 adjusted for maternal
ethnicity, weight and gestational age at birth.

In sibling comparison estimates remained similar, but Cls surpassed 1.0 in most comparisons.
When excluding men with hypospadias, and comparing their non-affected brothers with the
remains of the full cohort, no differences in probability of paternity remained.
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As an aggregate, men with hypospadias were at an increased risk of conceiving through ART

(Table 8). The associations remained in both distal and proximal hypospadias after

adjustment for confounding factors and in sensitivity analyses excluding men with

concomitant cryptorchidism.

Crude -64

Model 1 -64

Crude -73

Model 2 -73

All hypospadias

HR (95% Cl)
1.49 (1.23-1.81)

HR (95% Cl)
1.49 (1.22-1.81)

HR (95% Cl)
1.56 (1.27-1.91)

HR (95% Cl)
1.56 (1.27-1.92)

NOS hypospadias

1.49 (0.93-2.38)

1.49 (0.93-2.38)

1.43 (0.78-2.62)

1.49 (0.81-2.73)

Distal hypospadias

1.39 (1.12-1.74)

1.39 (1.11-1.74)

1.46 (1.17-1.83)

1.45 (1.15-1.82)

Proximal hypospadias

4.60 (2.27-9.31)

4.56 (2.25-9.23)

6.23 (3.20-12.15)

6.77 (3.47-13.20)

Table 8. Cox regression models for the association between hypospadias and conceiving through ART, by
phenotype. Model I adjusted for maternal ethnicity. Model 2 adjusted for maternal ethnicity, weight and

gestational age at birth.

Men with proximal hypospadias were at an increased risk of having a registered diagnosis of

male infertility (Table 9). The association remained significant in analyses adjusting for

confounding factors and in sensitivity analyses excluding men with cryptorchidism.

All hypospadias

Crude -64
HR (95% Cl)
1.34 (1.11-1.62

Model 1 -64
HR (95% Cl)
1.33 (1.10-1.60)

Crude -73
HR (95% Cl)
1.29 (1.06-1.57)

Model 2 -73
HR (95% Cl)
1.26 (1.03-1.55)

NOS hypospadias

1.60 (1.08-2.36

1.52 (1.03-2.26)

1.59 (1.03-2.45)

1.57 (1.00-2.44)

Distal hypospadias

1.17 (0.93-1.49

1.17 (0.93-1.46)

1.13 (0.89-1.43)

1.10 (0.86-1.40)

Proximal hypospadias

—_— | —= = |-

3.59 (1.97-6.53

3.57 (1.96-6.49)

3.62(1.84-7.13)

3.79 (1.92-7.46)

Table 9. Cox regression models for the association between hypospadias and having a registered diagnosis of
male infertility, by phenotype. Model 1 adjusted for maternal ethnicity. Model 2 adjusted for maternal ethnicity,
weight and gestational age at birth.

As previously stated, fertility in men is most accurately assessed with anatomical examination
together with semen and hormonal analyses. There are however several different ways of
investigating fertility in men by epidemiological methods. Birth rates may be used but do not
reflect the true reproductive potential in societies where reproduction is influenced by family
planning. The standardized fertility ratio (SFR) may be applied if the observed and expected
fertility ratio can be calculated before and after the exposure of interests is introduced, e.g.
before and after the introduction of a chemical in a work place environment. This method is
not applicable in a situation such as ours, where the exposure is present from birth.
Investigating the use of ART is another measure, but may suffer from bias since not all
couples with fertility problems seek medical help. In addition, twinning rates may be used to
study male fertility [145].

In this study we used three different outcome measures to assess the fertility in men with
hypospadias. Our results imply that men with hypospadias, and especially so those with the
proximal phenotype, have impaired fertility. Some of the plausible causes of reduced fertility
and altered reproductive patterns in men with hypospadias, other than etiological genetic
factors and the malformation itself, are concomitant cryptorchidism, low birth weight and
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possibly psychiatric illness. The overall results did, however, not change after adjustment for
these factors. In distal hypospadias, the inverse association with registered paternity was
almost non-significant, supporting the general opinion that distal hypospadias have little to no
effect on reproductive abilities. The men with distal hypospadias were, however, just as those
with the proximal phenotype, at an increased risk of conceiving through ART, regardless of
concomitant cryptorchidism. We suggest that this finding indicates impaired fertility in both
distal and proximal hypospadias.

Although previous studies found semen parameters in men with isolated hypospadias, of
whom most had the distal phenotype, to be similar to those of controls, hormonal analyses
showed higher levels of FSH and LH compared with controls [97, 98]. This might indicate
low-grade gonadal dysfunction that could have effects on fertility. Other possible causes of
impaired fertility in men with hypospadias are anatomical features, probably with the greatest
impact in men with proximal hypospadias, psychological factors and genetic background, and
maybe most probably a combination thereof. It has also been proposed that hypospadias,
cryptorchidism, testicular cancer and male infertility are part of a syndrome of common
origin, and that the prevalence of this syndrome is influenced by the presence of endocrine
disrupting chemicals [146]. Such exposures, and other factors that may influence
reproduction, e.g. genetics and psychosocial circumstances, are often shared within families.
In this study we found no convincing evidence that non-affected brothers of patients with
hypospadias demonstrate the same risk of not having children, suggesting that the finding is
not due to factors shared between full brothers.
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5 METHODOLOGICAL CONSIDERATIONS

5.1 Internal validity

Internal validity refers to what extent the results of a study reflect causal relationships and
whether results are representative of the source population. Internal validity relies on both
systematic and random errors. Random errors arise due to random variability in data and
affect the precision of the estimates. Statistical analyses aim to distinguish between findings
that arise due to chance and those that are true and may be replicated. The precision of
analyses may be described in terms of confidence intervals or p-values. Increasing the size of
the study population may reduce the effect of random errors. Systematic errors may arise as a
result of different types of bias or residual confounding, and will be discussed in the
following sections.

Selection bias

Selection bias arises when the association between exposures and outcomes differs between
those who do and do not participate in the study, making the study participants’ non-
representative of the population that is intended to be analyzed. Selection bias may arise due
to non-random sampling or self-selection, and is most common in case-control studies but
may also be present in population-based cohort studies. In Study I, inevitable selection bias
was introduced by the fact that only live births were included, and it is not possible to attain
data on all conceptions through register data.

Information bias

Information, or misclassification, bias arises when the data on exposures, outcomes or
covariates in the study participants are incorrectly recorded, measured or categorized.
Misclassification may be either differential, i.e. the error rate differs across comparison
groups, or non-differential, i.e. an equal error rate in all study participants. Differential
information bias results in over- or underestimation of the association between exposure and

outcome.

It is not possible to estimate the extent of misclassification of hypospadias in Sweden without
conducting a validation study. It is possible that children that were included as cases, were
actually non-affected by hypospadias. Boys may have received a diagnosis in the maternity
ward, which was later discarded by a pediatric urologist. It may, however, be just as likely
that boys with very distal hypospadias were not registered with a diagnosis. Some physicians
neglect to register minor malformations, arguing that a malformation diagnosis may affect the
possibility to take out private health insurance for the child. Further, there is a risk of
misclassification of the phenotype. It is possible that we have overestimated the number of
subjects with proximal hypospadias by using the code corresponding to the most proximal
phenotype when classifying hypospadias. However, when discarding hypospadias NOS, the
proportion of proximal hypospadias in the studies within this thesis, corresponds to the
frequencies reported by others (10-15%) [12].
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Further, the highest observed frequencies of hypospadias in Study I, are similar to the number
of new patients with hypospadias during 2016, as reported at the latest Swedish national
meeting on hypospadias. The overall risk of misclassification regarding the diagnosis of
hypospadias is hopefully random, and thus non-differential. There is, however, an exception
where non-differential misclassification probably is present. In Studies 11l and Study IV,
patients born before 1973 were identified through diagnosis in the NPR, meaning that only
those who had received a diagnosis during inpatient visits were registered with hypospadias.
The risk of such misclassification is probably especially high among distal cases with little or
no surgical intervention. Nonetheless, since the results in the analyses restricted to men born

1973 and onwards remained similar the effect is probably small.

The actual number of subjects affected by psychiatric illness within Studies 11l and IV may be
underestimated, since many patients with such conditions are treated in outpatient clinics or
in primary care, and often by other medical professionals than physicians. Such
misclassification is however most likely non-differential. Differential misclassification may,
however, have occurred in Study IV} the rate of paternal discrepancy may be higher in men
with hypospadias, thereby diluting the true association between hypospadias and biological
paternity.

Detection, or surveillance bias, may be regarded as another type of information bias. It occurs
when the presence of an exposure leads to closer surveillance and earlier detection regarding
covariates or outcomes. In Studies III and IV cryptorchidism, and additional malformations in
general, were used in sensitivity analyses. It is possible that those covariates suffer from
detection bias, since individuals with one malformation may undergo more frequent and
careful examinations in order to detect associated conditions. The other parental and perinatal
characteristics in Studies I, IIl and IV, are less likely to suffer from detection or recall bias
since they were prospectively collected. Detection bias is possibly also a problem in Study IV,
since men with hypospadias may be more prone to seek medical help if fertility issues arise.
This may explain the increased risk of conceiving through ART and being diagnosed with
male infertility.

Confounding

As previously stated, association is not the same as causation. An inherent problem in
observational studies is that the observed associations may arise as an effect of unmeasured,
uncontrolled or unknown residual confounding. In the studies within this thesis we have tried
to avoid spurious associations by controlling for confounders and further elucidate
relationships between exposures and outcomes by conducting sensitivity analyses. However,
the register data is not always as specific as one could wish and some variables are used as

best available proxies of the true association.

In Study I, the majority of parental and perinatal factors included serve as proxies of other
biological events, e.g. parental ethnicity was used as a proxy of genetic susceptibility, being

born small for gestational age was used as a proxy for early intrauterine growth restriction. It
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is possible that the observed associations were confounded by unmeasured factors. Other
factors associated with being born small for gestational age, such as maternal smoking and
chronic hypertension may have confounded some of the association between hypospadias and
SGA [147]. Hypospadias may not be associated with parental ethnicity per se, but rather
factors associated with ethnicity, such as socioeconomic status. Further, when investigating
the risk of hypospadias in different birth cohorts, analyses on whether the elevated risk in the
later time period was associated with more children being born pre-term were not performed.

Children born by parents with low socioeconomic status (SES) are more likely to be born
small for gestational age and suffer from illness during childhood, and parental SES further
affects cognitive performance during childhood. In adolescents, low socioeconomic status is
associated with impaired health status [148]. In Study Il we investigated the association
between hypospadias and different socioeconomic outcomes, and adjusted for potential
confounders such as gestational age, birth weight and concomitant malformations. We did
however not adjust for parental SES. We investigated the putative effect of parental
educational level, which together with occupation represent the best measure of SES, but
found no convincing effect on the outcomes and therefore chose to omit it as a confounding
factor in analyses. The association between hypospadias and disability pension is most
probably confounded or mediated by some other factor; possibly unmeasured psychiatric
comorbidity, undiagnosed chromosomal aberrations or syndromes, or conditions related to
androgen deficiency.

In Study IV we found a decreased rate of having biological children among men with
hypospadias, compared with the rate in non-affected men. The finding may reflect impaired
spermatogenesis or testicular deficiency in these patients but may also be due to several other
factors, which we have not been able to account for. It is possible that the lower birth rate
reflects impaired sexual function, in terms of lower desire or arousal, or psychological aspects
such as avoidance or shame. We do, however, consider that the finding of an increased risk of
conceiving through assisted reproductive technologies indicates that there is more than
psychological factors behind the associations and that the desire for having children is
preserved in men with hypospadias. We have not yet investigated whether hypospadias is
associated with any specific somatic comorbidities, but it is possible that the associations with
lower birth rates, ART and male infertility are confounded or mediated by other conditions
rather than hypospadias itself.

5.2 External validity

External validity, or generalizability, refers to what extent results may be applied to other
situations, populations or locations. Adequate internal validity is crucial for external validity.

An inherent problem in the long-term follow-up of many surgical diagnoses is that the results
may be a reflection of historical techniques and thus might not be possible to generalize to
future generations. This is especially important when reviewing the results within Study IV. In
addition, the individuals included in Studies III and IV were born no earlier than 1964. It is
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possible that outcome status, and results, would change with a more complete follow-up.
Further, results within Studies Il and IV must be interpreted with the notion that Sweden has
a well-developed, and publicly financed, welfare system. Inhabitants are ensured financial
security in case of unemployment or illness, and healthcare and education is publicly funded.
The impact of being born with hypospadias may be different in societies where welfare
systems are less developed.

6 ETHICAL CONSIDERATIONS

Whether clinical or register-based, the benefits of medical research should always be
balanced against the potential harm that the study participants may be exposed to. The studies
within this thesis concern topics and answer questions asked by patients and their parents.
However, regardless of the importance of the project, ethical approval must be obtained from
the local ethics committee before a research project is started. If the benefit of the results is
estimated to exceed the potential risks and the researchers have a strategy for how they will
diminish the potential harm for the study participants, the ethical committee may approve of
the research. The studies within this thesis attained approval from the regional ethical
committee in Stockholm prior to execution. (DNR 2008/670-31/3, DNR 2008/1671-31/3,
DNR 2009/939-31/5 and DNR 2013/862-31/5.)

6.1 Informed consent, integrity and data security

Medical research is regulated by both Swedish law and international directives, and
acknowledges the right of the subjects to refuse to participate or withdraw their participation
[149]. Since register-based research does not involve any direct contact with the study
participants and integrity is therefore not at risk, informed consent is not needed to obtain
permission from the local ethics committee. In addition, these studies do not include any risk
of bodily harm. Indeed, informed consent would probably have dramatic effects on the
benefit of large-scale observational studies by introducing selection bias and greatly reducing
participation rates [150].

Although no individual consent was collected, great efforts were taken to protect the integrity
and privacy of the study participants by accurate data handling and security. The data sets
included anonymized information only; all data on personal identification numbers and
names were removed and replaced with study participation numbers that enabled linkage
across registers. Data were stored on secure servers with strict rules of access and available

only to those involved in the projects.
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7 CONCLUSION AND INTERPRETATIONS

The overall results of this thesis provide an improved understanding of the etiology and
clinical characteristics of boys with hypospadias and increased knowledge about well-being
and fertility in adult men born with hypospadias.

Study I

The prevalence of boys registered with a diagnosis of hypospadias has increased during the
late 20™ century. This trend could not be fully explained by temporal changes in the parental
and perinatal risk factors investigated. The increased prevalence may be due to under- and
possibly over-reporting of hypospadias in different time periods, changes in diagnostic
criteria, increased survival of preterm children, improved fertility in men with hypospadias or

the introduction of new risk factors, such as endocrine disrupting chemicals.
Study II

Hypospadias may be an under diagnosed feature in men with spinal-bulbar muscle atrophy.
The co-occurrence of hypospadias and SBMA in subjects and within families is hard to
evaluate by register-based methods, but the combination is estimated to be rare.

Study I11

Men with hypospadias display comparable socioeconomic outcomes to non-affected men,
possibly reflecting a similar level of well-being. Men with proximal hypospadias were,
however, at an increased risk of receiving a disability pension. This may be due to the effects
of unmeasured psychiatric comorbidity, conditions related to androgen deficiency or
hypospadias as part of unrecognized syndromes.

Study IV

Compared with non-affected men, men with hypospadias display lower birth rates, and show
a higher probability of conceiving through assisted reproductive technologies and being
diagnosed with male infertility. The overall results imply that fertility is impaired in men with
distal and proximal hypospadias, probably as a result of anatomic features, gonadal
dysfunction, psychological factors, or genetic background.
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