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ABSTRACT

Ambiguous genitalia in a newborn are the clinical sign
of atypical sexual development of the external
genitalia in utero. This condition is rare and can result
from various underlying factors, including certain
disorders with potentially severe consequences, such
as cortisol deficiency due to congenital adrenal
hyperplasia. Therefore, it is crucial to promptly
determine etiology when ambiguity is observed. The
formation of typical male or female external genitalia
is a complex process involving a cascade of genetic
and physiological events that begin with sex
determination and progress through the differentiation
of internal and external reproductive structures. When
this process is disrupted and does not occur in the
typical manner, it is referred to as a difference or
disorder of sex development (DSD). Not all DSD
cases present with ambiguous genitalia at birth; for
example, complete androgen insensitivity syndrome
does not, but all cases of ambiguous genitalia are the
result of a DSD. This chapter focuses on genital
ambiguity associated with DSD in newborns who have
either a 46,XY or 46,XX chromosomal sex. However,
DSD with genital ambiguity may also be observed in
newborns with other combinations of sex
chromosomes, such as 45,X/46,XY. The chapter
offers a comprehensive overview of the evaluation and
management of newborns with ambiguous genitalia. It
emphasizes the importance of a structured medical
assessment of the external genitalia to diagnose and
determine the underlying cause of genital ambiguity. It

includes tables for differential diagnosis and step-by-
step workup algorithms to guide medical professionals
in their evaluation. It also includes additional
information on structured physical assessments of
external genitalia and tables with normative values for
hormonal measurements, which are recommended in
the diagnostic process. As the etiology of genital
ambiguity in newborns is diverse and can have
significant implications for management, the authors
stress that obtaining an accurate diagnosis through a
professional medical workup is crucial. The chapter
highlights the recommendation for newborns with
ambiguous genitalia (DSD) to be cared for by highly
specialized, interdisciplinary DSD teams. These
teams are equipped with medical and psychosocial
expertise, and specialized psychologists are available
to support parents and caregivers. The chapter
recognizes that having a child with ambiguous
genitalia can be very stressful for parents. It
underscores the importance of early education,
access to expert care through DSD network teams,
psychological support, shared decision-making, and
promoting acceptance and inclusivity. By providing
comprehensive support and guidance, families can
better navigate the challenges and uncertainties they
may encounter when caring for a newborn with
ambiguous genitalia.

INTRODUCTION

Typical male and female development commences
with the presence of the typical 46,XY or 46,XX
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chromosomes, which play a pivotal role in determining
the indifferent gonads. Around the 6th week of
gestation, these gonads follow pathways to develop
into male-typical or female-typical gonads (Figure 1).
This gonadal determination is intricately regulated by
a complex interplay of multiple genes, which guide the
male gonads to become testes and the female gonads

Subsequently, the gonads initiate the production of
various hormones, including anti-Mullerian hormone
(AMH) and testosterone. These hormones are
responsible for driving the differentiation of the
embryologic Wolffian and Miillerian structures into
sex-typical internal reproductive organs (Figure 1).

to become ovaries.
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Figure 1. Typical male and female sex determination and differentiation occur during fetal life. The
presence of the Y chromosome in the karyotype and the SRY gene (sex-determining region Y gene) are
the primary determinants of male sex development. The SRY gene initiates a cascade that leads to the
development of testes from bipotential gonads. Testosterone and Anti Mullerian Hormone (AMH) are
secreted by testicular cells, which masculinize the Wolffian (mesonephric) duct and cause the
regression of the Mullerian (paramesonephric) duct, respectively. Dihydrotestosterone (DHT), produced
by the 5-alpha reduction of testosterone, plays a major role in male external genital development and
prostate formation. The absence of the SRY gene on the Y chromosome is the primary factor for the
induction of the female sex, and the development of the uterus, fallopian tubes, cervix and upper vagina
from the Mullerian duct.

The development of external genitalia begins with a
neutral anlage, including a genital tubercule, genital
folds, and a urogenital sinus. These structures are

subsequently differentiated into typical male external
genitalia under the influence of androgens, particularly
dihydrotestosterone (DHT). Conversely, for the
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development of typical female external genitalia, the
absence of androgens is crucial to prevent virilization.
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Therefore, ambiguous genitalia at birth can arise from
either an excessive or insufficient androgen effect on
the neutral external genital anlage in males or
females, respectively (Figure 2).

— Male

— Glans penis

Urethral groove

Figure 2. External genital differentiation. The development of external genitalia begins with a bipotential
anlage which includes genital tubercle, urethral fold, urethral groove, and genital swellings. In a typical
46, XY, androgen secretion from the testes triggers the fusion of urethral folds, allowing the enclosure
of the urethral tube. This, together with the cells from the genital swelling, forms the shaft of the penis.
Genital swellings fuse in the midline to allow formation of the scrotum and genital Tubercle expands to
give rise to the glans penis. Female external genital development is ensured by the absence of
testosterone, it is independent of ovarian endocrine activity. Urethral folds and genital swellings remain
separate to form the labia minora and majora. Genital tubercle forms the clitoris.

CHARACTERISTICS OF TYPICAL MALE AND
FEMALE EXTERNAL GENITALIA

A full-term male infant is typically expected to have
bilateral testicles that are descended, complete
formation of scrotal folds with midline fusion, and a
typical-sized penis, which includes well-formed
corporal bodies and a urethral meatus located at the
tip. The average penile length for a full-term newborn
is approximately 3.5 £ 0.4 cm, but this measurement
can vary with gestational age (Table 1) (1, 2). If an

infant presents with bilateral cryptorchidism, a bifid
scrotum, hypospadias, or isolated penoscrotal
hypospadias, further investigations for a DSD are
recommended. However, it's important to note that
isolated micropenis, as long as both testes are
descended and normal in size, is not typically
considered a manifestation of ambiguous genitalia.
Similarly, in males, distal hypospadias with no other
atypical genital features usually does not indicate a
DSD (3).
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Table 1. Stretched Penile Length in Preterm and Term Newborns According to
Gestational Age (2)

Gestational | Number Median Mean SD Min (cm) | Max (cm)
age (week) | of cases | (cm) (cm)

26 30 1.9 1.9 0.32 1.1 25

27 31 21 20 0.28 1.1 26

28 32 20 1.9 0.31 1.3 29

29 29 23 23 0.39 1.3 29

30 31 24 24 0.32 1.6 3.0

31 33 24 24 0.38 1.8 3.3

32 32 29 26 0.44 20 3.2

33 28 29 2.8 0.45 1.9 3.4

34 30 29 2.8 0.43 20 3.6

35 29 3.1 29 0.61 20 4.1

36 31 3.1 3.0 0.50 22 4.0

37 29 3.1 3.0 0.47 22 4.1

38 44 3.1 3.1 0.54 21 4.5

39 82 3.2 3.2 0.55 20 4.2

40 65 3.5 3.4 0.53 22 4.4

41 29 3.6 3.5 0.47 26 4.3

A full-term female infant typically presents with
bilateral separated labial folds, no palpable gonads,
and distinct urethral and vaginal openings (Figure 2).
The average clitoral length and width for a full-term
infant girl are approximately 6.1 mm and 4.2 mm,
respectively (1, 4). In cases where clitoromegaly
(clitoral size >10 mm), labial fusion or palpable gonads
are observed in otherwise typical female genitalia,
further investigation for a DSD is warranted. It's
important to note that perceived clitoromegaly is not
typically associated with an underlying DSD in the

event that the newborn girl was born prematurely (1).
Please be aware that perceived clitoromegaly or
pseudo-clitoromegaly is often seen in preterm
newborns, where the clitoral size falls within the
normal range, but the labia majora cannot completely
cover labia minora, creating a misleading impression
of clitoromegaly. Genital edema may also be observed
in sick preterm babies or cases of ovarian
hyperstimulation, which can cause pseudo-
clitoromegaly.

www.EndoText.org 4


http://www.endotext.org/

Table 2. Clitoral Length and Width in Preterm and Term Newborns According to
Gestational Age (4)
Gestational | Number | Measure | Mean (mm) | +1 SD (mm) | +2 SD (mm) | +3 SD (mm)
age (week) | of
cases
28-30 30 Width 3.28 3.87 4.46 5.05
Length 5.03 5.91 6.79 7.67
30-32 57 Width 3.32 3.68 4.04 4.4
Length 5.03 5.52 6.01 6.5
32-34 74 Width 3.41 3.77 413 4.49
Length 5.14 5.65 6.16 6.67
34-36 104 Width 3.69 417 4.65 5.13
Length 5.53 6.12 6.71 7.3
36-38 128 Width 4.08 4.5 4.92 5.34
Length 5.83 6.29 6.75 7.21
>38 187 Width 4.21 4.64 5.07 5.5
Length 6.11 6.49 6.87 7.25

GENERAL THOUGHTS ON AMBIGUOUS
GENITALIA AT BIRTH

The reported incidence of ambiguous genitalia in
newborns is approximately one in 4,500. It is essential
that a newborn with ambiguous genitalia and their
parents are promptly referred to a specialized center
for evaluation. This evaluation should be carried out
by a multi-disciplinary team specializing in DSD in
accordance with international recommendations on
diagnostic and therapeutic strategies. This team
should provide holistic care and treatment guidance,
collaborating closely with relevant subspecialists and
peer support groups (5). Key subspecialties involved
in DSD teams typically include psychology, pediatric
endocrinology, urology, neonatology, gynecology,
andrology, nursing, social work, genetics, and medical
ethics. It's worth noting that certain aspects of DSD
management remain contentious or uncertain,
resulting in recent changes in clinical practice that are
ongoing. Notably, genital surgery has been banned in
several countries, and it is increasingly avoided in
young children to protect their rights to an open future
and the integrity of their bodies.

Consequently, we can anticipate a growing number of
children growing up with atypical-looking genitalia,
requiring a careful assessment of the psychological
impact (6). Providing psychological support to affected
families as a standard component of care from the
outset is, therefore, of utmost importance. Issues
related to gender that may arise in the context of
ambiguous genitalia should be openly and thoughtfully
discussed.

A comprehensive evaluation of ambiguous genitalia in
a newborn is essential for understanding the
underlying cause and potential consequences. On one
hand, this evaluation can lead to the detection of
concomitant, treatable disorders, such as adrenal
insufficiency that requires cortisol replacement. Also,
it is important to note that in up to 30% of children with
a Difference/Disorder of Sex Development (DSD),
other organ system disorders may be identified,
necessitating medical care and qualifying as
syndromic DSD (7, 8). On the other hand, identifying
the underlying cause of ambiguous genitalia forms the
basis for making an informed decision regarding sex
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registration at birth, if necessary and desired by the
parents. Gender assignment/sex registration at birth
should take into account long-term satisfaction with
the sex of rearing, sexual function, and fertility
potential (1, 9, 10). Ideally, it should result from a
shared decision-making process involving the child's
parents and the DSD network team. This decision

should be based on the individual's
phenotype/genotype, existing knowledge from
literature, databases, and patient representative

experience (11-13). This process may require time, as
parents need to grasp the complexity of their child's
unique biology in order to participate in this decision.
As a first step, the overall health of the child should be
assessed, and parents should be educated about
typical sexual development before explanations
regarding the underlying cause and its implications for
their child's ambiguous genitalia are provided. Even if
the exact details of the underlying cause remain
unresolved, it is essential to communicate what is
known and what remains uncertain to the parents and
make plans for the family's future in the best interests
of the child.

Several websites are available for patients and their
families to exchange information, share coping
strategies, and discuss decision-making processes
that can enhance outcomes for newborns with
ambiguous genitalia. Such resources can be found on
websites supported by organizations like the Accord
Alliance (www.accordalliance.org), DSD families

(www.dsdfamilies.org), AIS DSD Support Group
(www.aisdsd.org), and the CARES Foundation
(www.caresfoundation.org). However, the most
current information will always be available from the
responsible DSD team, which will also be aware of
country-specific support services.

GENETICS OF SEX DETERMINATION AND
DIFFERENTIATION

Sex development is a sequential process that involves
the coordinated action of numerous genes and
pathways. This process culminates in the
development of functional gonads, differentiated
internal sex organs, external genitalia, and typical
secondary sexual characteristics that manifest after
puberty. Prenatal sex development can be divided into
two distinct processes: sex determination and sex
differentiation (Figure 3). Sex determination is the
initial step that occurs shortly after conception,
approximately at 6-7 weeks gestation. During this
phase, the undifferentiated gonads evolve into either
testes or ovaries. By contrast, sex differentiation
occurs subsequently and involves hormones
produced after the formation of the sex-specific
gonads. These hormones play a critical role in shaping
the further development of the dependent embryonic
structures, leading to the formation of male and female
internal and external phenotypes.
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Figure 3. The genes and transcription factors required for gonadal development. The formation of the
bipotential gonad requires at least seven genes including NR5A1 (Nuclear Receptor Subfamily 5 Group
A Member 1), WT1 (WilmsTumor1 Transcription Factor), LHX9 (LIM Homeobox 9), EMX2 (Empty Spiracles
Homeobox 2), CBX2 (Chromobox 2), PBX1 (Pre-B-Cell Leukemia Transcription Factor 1) and GATA4

(GATA Binding Protein 4). Adapted from (14).
The Male Specific Pathway

In the male specific pathway, the expression of the
SRY gene in pre-Sertoli cells serves as a pivotal
switch that directs the fate of the gonads toward
testicular development. SRY, in conjunction with
NRS5A1, activates the SOX9 signaling pathway,
initiating testis development (Figure 3). Other
important genes for the early testis development are
NROB1 (Nuclear Receptor subfamily 0 group B
member 1), AMH (Anti-Mullerian Hormone) and
GATA4. AMH secreted by Sertoli cells, plays a crucial
role in promoting the regression of Miillerian structures
and supporting the development of Leydig cells in the
testes. Subsequently, androgens produced by the
testes facilitate the development of male internal
organs (epididymis, vas deferens, seminal vesicle)
and external genitalia (penis, scrotum). The
production of sex steroids relies on an intact

steroidogenic pathway, with all steroid hormones
originating from cholesterol. The initial steps of sex
steroid biosynthesis overlap with the synthesis of
mineralo-corticosteroids and gluco-corticosteroids
(Figure 4). It is important to note that certain steroid
disorders, often referred to as congenital adrenal
hyperplasia (CAH), can affect both adrenal and
gonadal steroidogenesis or result in androgen excess
or deficiency that may impact fetal genital
development. INSL3, produced in Leydig cells, plays
a role in guiding the descent of the testes from the
abdomen to the scrotal folds.

The process of masculinization of initially sex-neutral,
undifferentiated external genitalia begins around 8-9
weeks of gestation when the potent androgen DHT
(dihydrotestosterone) is produced by the testes. DHT
is crucial for the fusion of the urethral and labioscrotal
folds, elongation of the genital tubercle, regression of
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the urogenital sinus, and the development of the fetal Leydig cells into DHT. Complete masculinization
prostate (15). The enzyme 5a-reductase is of the external genitalia through DHT is typically
responsible for converting testosterone produced by  achieved by week 14 of gestation (16).
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Figure 4. Steroidogenesis of the adrenals and gonads. Adrenal and gonadal steroidogenesis starting
from cholesterol and showing key steroids and intermediates of the classical and alternative pathways
is illustrated. Cortisol and androgen biosynthesis are under control of hypothalamic-pituitary-adrenal
(HPA) axis in a negative feedback loop. Androgen synthesis occurs via classical or aberrant and
alternative pathways (i.e., backdoor pathway and 110xC19 androgen pathway). Aberrant or alternative
pathways are particularly active whenever cortisol with or without aldosterone biosynthesis is impaired
and androgenic precursors accumulate proximal to enzymatic block.

Abbreviations: StAR; Steroidogenic Acute Regulatory Protein defect, CYP11A1; P450 side-chain
cleavage deficiency, CYP21A2; 21a-hydroxylase, HSD3B2; 3B-hydroxy steroid dehydrogenase 2,
CYP11B1; 11B-hydroxylase, CYP11B2; Aldosterone synthase, DOC; 11-deoxycorticosterone, DHEA;
Dehydroepiandrosterone, A4; Androstenedione, T; Testosterone, CYP17A1; 17a-hydroxylase/17,20-
lyase, b5; CYP19A1; Cytochrome P450 aromatase, Cytochrome b5, POR; P450 oxidoreductase, 173-HSD;
17B-hydroxysteroid oxidoreductase or 17-ketosteroid reductase; SRDA1/2; Steroid 5a -reductase 1/2,
110xC19; 11-oxygenated 19-carbon (110xC19) steroids; Fdx; Ferredoxin, FdR; Ferredoxin reductase,
11BOHA; 11B-hydroxyandrostenedione, 11BOHT; 11B-hydroxytestosterone, Pdione; 5a-Pregnane- 17a-
ol-3,20-dione, Pdiol; 5a-Pregnane- 3a,17a-diol 20-one, AKR1C2,4; Aldo-Keto Reductase Family 1 Member
C2,4, DHT; Dihydrotestosterone, HSD17B5,3,6= 17B3-hydroxysteroid dehydrogenase 5,3,6. Adapted from
(17).
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The Female Specific Pathway

By contrast, the female-specific pathway is initiated in
the absence of SRY and requires the suppression of
SOX9 (Figure 3). Activation of Rspo1/Wnt4/b-catenin
and FoxI2 (Forkhead Box L2) signaling pathways
leads to the formation of typical ovaries. The absence
of AMH allows the Miillerian structures to proliferate,
resulting in the formation of the typical fallopian tube,
uterus, cervix and the upper part of the vagina. In the
absence of both testosterone secretion and 5a-
reductase activity, the sex-neutral external genitalia
develop along the female pathway. Specifically,
without DHT, the labioscrotal and urethral folds give
rise to the labia majora and minora, respectively. The
genital tubercle develops into a clitoris, and the
urogenital sinus contributes to the formation of the
urethral opening and anterior portion of the vagina
(16).

Any disruption in the intricate genetic and hormonal
processes involved can lead to atypical sex
development and result in atypical external genitalia at
birth. Figure 3 provides a summary of these processes

and highlights some key genes and hormones
essential for typical development.

DIFFERENCES/DISORDERS OF SEX
DEVELOPMENT (DSD)

The discordance between genetic, gonadal, or
anatomic sex is commonly referred to as DSD. In
addition to candidate gene testing, the new era of
molecular  diagnostic tools, including whole
exome/genome sequencing has uncovered numerous
novel molecular etiologies in recent years. Accurate
molecular diagnosis aids in managing affected
individuals and provides families with information
concerning prognosis and the risk of recurrence. This
information is often sourced from literature and
comprehensive data registries, such as the I-DSD (18-
24). For clinical purposes, DSD (including ambiguous
genitalia in newborns) is typically classified based on
the affected individual's karyotype. The consensus
statement addressing the approach and care of DSD
(originally published in 2006 and updated in 2016)
suggests the following broad classification for DSD:
(A) Sex Chromosome DSD, (B) 46,XY DSD, and (C)
46,XX DSD (Table 3) (1, 20).
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Table 3. DSD Classification According to the Chicago Consensus.

Sex Chromosome
DSD

46,XY DSD

46,XX DSD

A. 45,X0 (Turner
syndrome and

A. Disorders of gonadal
(testicular) development

A. Disorder of gonadal (ovarian)
development

LH receptor mutations

CAH (3BHSD2 deficiency,
170HD, POR, StAR, CYP11A1
deficiency)

HSD17B3 deficiency

Impaired testosterone action
5a-reductase deficiency
Androgen insensitivity
syndrome (Complete/partial)

Impaired AMH production or
action

Persistent Mullerian Duct
Syndrome (AMH and AMHR2
gene mutations)

variants) Complete gonadal dysgenesis Ovo-Testicular DSD
(Swyer syndrome) or partial Testicular DSD (SRY (+))
gonadal dysgenesis (e.g., SRY, | Gonadal dysgenesis
SOX9, NR5A1, WT1, DHH
gene mutations etc)
Testicular regression (e.g.,
DHX37 gene mutation)
Ovo-Testicular DSD
B. 47 XXY B. Disorders of testicular B. Androgen excess
(Klinefelter hormone production or action Fetal
syndrome and Impaired testosterone CAH (21-hydroxylase, 113-
variants) production hydroxylase, 3BHSD2 deficiency)

Glucocorticoid resistance

Feto-placental
Aromatase deficiency
POR deficiency

Maternal

Luteoma, hilar cell tumors,
arrhenoblastoma, lipoid cell
tumors, Krukenberg tumors,
androgen producing adrenal
tumors,

External androgen exposure

C. 45,X0/46,XY
(Mixed gonadal
dysgenesis,
ovotesticular DSD)

C. Other

Syndromic
Smith-Lemli-Opitz, Cloacal
anomaly, Aarskog, Robinow,
Meckel, Joubert, Hand-Foot-
Genital, popliteal pterygium,
CHARGE, VATER/VACTERL,
IMAGe etc.

C. Other
Syndromic
Cloacal anomaly etc.

Mullerian anomalies
Mayer-Rokitanski-Kister-Hauser,
MURCS, McKusick-Kaufmnann
syndrome and variants, MODY5
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Drugs
progestagens

Endocrine disruptors

Cryptorchidism
etc.
Isolated hypospadias

mutations etc.

Flutamide, ketoconazole,

Phthalate, BPA, paraben

INSL3, GREAT gene mutations

MAMLD1, HOXA4 gene

D. 46,XX/46,XY
(chimeric,
ovotesticular DSD)

Abbreviations: StAR; Steroidogenic Acute Regulatory Protein defect, CYP11A1; P450 side-chain cleavage
deficiency, 3BHSD2; 33-hydroxy steroid dehydrogenase 2, CYP17A1; 17a-hydroxylase/17,20-lyase deficiency,
170HD; 17a-hydroxylase/17,20-lyase deficiency, POR; P450 oxidoreductase, HSD17B3; 17p-hydroxysteroid
oxidoreductase or 17-ketosteroid reductase; SF1/NR5A1; steroidogenic factor 1.

The 46,XY Newborn With Ambiguous Genitalia

Ambiguous genitalia in a 46XY newborn can result
from abnormal formation of the early fetal testes
(testicular dysgenesis), reduced production of
testosterone or dihydrotestosterone (5a-reductase
deficiency), or the inability to respond to androgens
(androgen insensitivity syndrome, or AIS) (Table 3).
Depending on the extent of androgen production
defect or resistance, affected newborns may exhibit a
range of external genitalia phenotype, varying from
those that appear typically female to those that appear
typically male but with a small phallus, hypospadias,
and a bifid scrotum, with or without palpable testes.
Here we focus primarily on causes that lead to
ambiguous genitalia. Broadly, four groups of
underlying causes of 46, XY DSD with ambiguous
genitalia can be identified: (a) partial gonadal
dysgenesis, (b) partial testosterone biosynthetic

defects, (c) partial 5a-reductase deficiency, and (d)
partial androgen insensitivity syndrome or PAIS.

PARTIAL GONADAL DYSGENESIS

In cases of partial gonadal dysgenesis, it is presumed
that a gene mutation leads to a partial abnormality in
the development of the early urogenital ridge or
gonadal anlage. This category of DSD can also
involve mutations in genes such as SRY and SOX9,
which are essential for the differentiation of bipotential
gonads into testes (Figure 3). Partial gonadal
dysgenesis is typically associated with incomplete
masculinization of the external genitalia, along with
varying degrees of maintenance of Wolffian ducts and
inhibition of Mullerian ducts. For a summary of known
genetic  variations  associated with  gonadal
dysgenesis, please refer to Table 4.
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Leydig cell

aplasia or hypoplasia

represents a

variation of gonadal dysgenesis, characterized by
inadequate Leydig cell differentiation in the male
gonad, resulting in impaired androgen production.
Mutations in the LH receptor gene (LHCGR) as well as

genitalia,

along with

polymorphisms have been associated with this
condition (25). The phenotype associated with Leydig
cell hypoplasia includes incomplete masculinization of
the external
development and maintenance of the Wolffian ducts.

incomplete

Table 4. Monogenic Disorders of Gonadal Development/Differentiation and Associated DSD
Presentations in Humans, Both 46,XY and 46,XX

Gene defect | Locus Mode of Clinical presentation Reference
transmission
DSD phenotype Other
46, XX 46, XY
ARX Xp22.13 | XL Testicular Lissencephaly, (26)
dysgenesis epilepsy, intellectual
disability temperature
instability
ATRX Xq13.3 XL Testicular Dysmorphic features, | (27)
dysgenesis intellectual disability,
a-thalassemia
CBX2 17925 AR Ovarian Testicular (28)
dysgenesis | dysgenesis
DHH 12913.12 | AR Testicular Minifascicular (29)
dysgenesis neuropathy
DMRT1/DMR | 9p24.3 AD Ovarian Testicular Hypotonia, (30)
T2 dysgenesis | dysgenesis developmental delay,
impaired intellectual
development
DHX37 12924.31 | AD Testicular (31)
dysgenesis,
testicular
regression
EMX2 10926.11 Ovarian Testicular Intellectual disability, | (32)
dysgenesis | dysgenesis kidney agenesis
ESR2 14923.2- | AD,? Ovarian Testicular Dysmorphic features, | (33)
g23.3 dysgenesis | dysgenesis eye abnormalities,
anal atresia,
rectovestibular fistula
FGFR2 10926.13 | AD Testicular Craniosynostosis (34)
dysgenesis,
ovotesticular
GATA4 8p23.1 AD Testicular Congenital heart (35)
dysgenesis defects (atrial septum
www.EndoText.org 12
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defects, ventricular
septum defects,
tetralogy of Fallot),
diaphragmatic hernia

HHAT

1932.2

AR

Testicular
dysgenesis

Nivelon-Nivelon-
Mabille syndrome.
Dwarfism,
chondrodysplasia,
narrow, bell-shaped
thorax, micromelia,
brachydactyly,
microcephaly with
cerebellar vermis
hypoplasia, facial
anomalies,
hypoplastic irides and
coloboma of the optic
discs

(36)

LHX9

1931.3

AD

Testicular
dysgenesis

Limb anomalies

(37)

MAMLD1

Xq28

XL

Severe
hypospadias

Myotubular myopathy

(38)

MAP3K1

5q11.2

AD

Testicular
dysgenesis

(39)

NROB1
(Duplications,
inversion

and upstream
deletion)

X21.3

XL

Testicular
dysgenesis

Congenital adrenal
hypoplasia,
hypogonadotropic
hypogonadism, cleft
palate, intellectual
disability

(40)

NR2F2

15026.2

AD

Ovarian
dysgenesis,
ovotesticula
r DSD

Congenital heart
disease, somatic
anomalies including
blepharophimosis-
ptosis-epicanthus
inversus syndrome

(41)

NR5A1

9q33

AD

Ovarian
dysgenesis,
ovotesticula
r DSD

Testicular
dysgenesis

Adrenocortical
insufficiency,
spermatogenic
failure, primary
ovarian insufficiency,
asplenia, polysplenia

(42)
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PPP2R3C 14913.2 | AR Testicular Dysmorphic facies, (43)
dysgenesis retinal dystrophy, and
myopathy.
RSPO1 1p34.3 AR Testicular/ Palmoplantar (44)
ovotesticula hyperkeratosis
r DSD
SART3 12923.3 | AR Testicular Intellectual disability, | (45)
dysgenesis global developmental
delay and a subset of
brain anomalies
SOX3 Xq27.1 XL Testicular/o Intellectual disability, | (46)
(Upstream votesticular hypopituitarism
deletion and DSD
Duplication)
SOX8 (SNV, |16p13.3 | AD Testicular Variants may (47)
upstream dysgenesis contribute to male
duplication, and female infertility,
inversion) primary ovarian
insufficiency.
SOX9 (SNV, |17924.3 | AD Testicular/o | Testicular Campomelic (48)
upstream votesticular | dysgenesis dysplasia, Cooks
duplication, DSD syndrome, Pierre
inversion) Robin sequence
SOX10 229131 | AD Testicular/o Peripheral and (49)
(Duplication) votesticular central
DSD demyelination,
Waardenburg
syndrome type |V,
and Hirschsprung
disease
SRY (SNV, Yp11.3 XL, YL Testicular/o | Testicular (50, 51)
deletion, votesticular | dysgenesis
Translocation) DSD
TSPYL1 6922.1 AR Testicular Sudden infant death | (52)
dysgenesis syndrome
WT1 11p13 AD Testicular/o | Testicular Denys-Drash (53, 54)
votesticular | dysgenesis syndrome; Frasier

DSD

syndrome; WAGR
syndrome; Meacham
syndrome, Nephrotic
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syndrome; Wilms
tumor

WNT4 1p36.12 | AD/AR

DSD

Testicular/o
votesticular

Testicular
dysgenesis

Mdallerian aplasia and
hyperandrogenism,
PCOS, SERKAL
syndrome (46,XX sex
reversal with
dysgenesis of
kidneys, adrenals,
and lungs)

(55, 56)

ZFPM2 8q22.3 AD

r DSD

Testicular/
ovotesticula

Testicular
dysgenesis

Congenital heart
defects (atrial septum
defects, ventricular
septum defects,
tetralogy of Fallot),
diaphragmatic hernia

(57)

ZNRF3 22q121 | AD

Testicular
dysgenesis

(58)

Abbreviations: AD; autosomal dominant, AR; autosomal recessive, XL; X-linked, YL; Y-linked

DEFICIENCY OF TESTOSTERONE BIOSYNTHESIS

The inability to produce testosterone stems from
defects in the activity of any of the enzymes required
for testosterone biosynthesis from cholesterol (Figure
4, Table 5). Ildentified defects encompass genetic
variants in Steroidogenic Acute Regulatory Protein
(StAR), P450 side-chain cleavage (CYP11AT7), 3B-
hydroxy steroid dehydrogenase 2 (HSD3B2), 17a-
hydroxylase/17,20-lyase (CYP17A1), and P450
oxidoreductase (POR) (59). In addition, apparent
lyase deficiency due to variants in cytochrome b5
(CYB5) and variants in AKR1C2/4 have been very
rarely  described (60-62). Moreover, 17B-
hydroxysteroid dehydrogenase deficiency (also
known as 17B-hydroxysteroid oxidoreductase or 17-
ketosteroid reductase, HSD17B3) is another cause of

46,XY DSD (63). Furthermore, variants in
steroidogenic factor 1 (SF1/NR5A1), which regulates
the transcription of several genes involved in
steroidogenesis, may lead to ambiguous genitalia.
Notably, variants in HSD3B2, POR, and NR5A1 can
result in ambiguous genitalia in both 46,XY and 46,XX
newborns (64-66).

Similar to partial gonadal dysgenesis, a partial
testosterone biosynthesis defect leads to ambiguous
external genitalia and variable degrees of Wolffian
duct development. However, unlike partial gonadal
dysgenesis, Mullerian ducts are not retained in 46,XY
newborns with partial testosterone biosynthesis
defects due to intact Sertoli cell function and normal
AMH production.
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Table 5. Adrenal and/or Gonadal Causes of Impaired Sex Steroid Biosynthesis Associated with Ambiguous Genitalia
in 46,XX and 46,XY Individuals

Disorder Gene/ Adrenal 46,XY 46,XX Gonadal Fertility Other Features
OMIM Insufficiency | Gonadal Phenotype
Phenotype (E2 Deficiency)
(Testosteron
e
Deficiency)
Lipoid StAR YES Classic form: | Classic: primary or | Classic: Absent
congenital 201710 46,XY DSD, secondary ovarian | in 46,XY;
adrenal gonadal insufficiency (POI) | variable in
hyperplasia insufficiency | Non-classic: NK or | 46,XX
(LCAH) ; ambiguous | normal
genitalia
Non-classic
orm:
normal or
NK
P450 side CYP11A1 YES Classic form: | Classic: primary or | Reported in
chain 118485 46,XY DSD, secondary ovarian | 46,XX
cleavage gonadal insufficiency (POI)
syndrome insufficiency | Non-classic: NK or
(CAH) ; ambiguous | normal
genitalia
Non-classic
orm:
normal
3B- HSD3B2 YES 46,XY DSD, 46,XX DSD with Absent in
hydroxyster | 201810 gonadal atypical genital 46,XY; reported
oid insufficiency | development; in 46,XX
dehydrogen ; ambiguous | gonadal
ase |l genitalia insufficiency;
deficiency Non-classic ambiguous
(CAH) orm: genitalia
normal, but | Non-classic form:
premature normal, but
adrenarche premature
adrenarche
21- CYP21A2 YES Classic form: | 46,XX DSD with Normal in both | Cave: Testicular
hydroxylase | 201910 normal atypical genital 46,XX and adrenal rest
development; tumor (m>>f)
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deficiency Non-classic Non-classic form: 46, XY, if CAH-X (when
(CAH) orm: premature treated combined with
normal adrenarche, Ehlers-Danlos
virilization, PCO syndrome with
contiguous
gene variants)
11- CYP11B1 YES Classic form: | 46,XX DSD with Normal in both | Hypertension
hydroxylase | 202010 normal atypical genital 46,XX and
deficiency Non-classic development; 46,XY, if
(CAH) orm: Non-classic form: treated
normal premature
adrenarche,
virilization, PCO
Combined CYP17A1 Rare 46,XY DSD, Lack of pubertal Possible in Hypertension
17- 202110 gonadal development, POl | 46,XX with and
hydroxylase, insufficiency assisted hypokalemic
17,20 lyase ; atypical fertility alkalosis (not
deficiency genital measures seen with
(CAH) developmen isolated lyase
t deficiency)
P450 POR Variable Mild to 46,XX DSD with Reported Maternal
oxidoreduct | 124015 severe 46,XY | atypical genital virilization
ase 201750 DSD, development or during
deficiency gonadal premature pregnancy;
(CAH) insufficiency | adrenarche, Antley-Bixler
; atypical virilisation, POI, skeletal
genital PCO malformation
developmen syndrome;
t changes in drug
metabolism
Cytochrome | CYB5A NO 46,XY DSD; NK NK Methemoglobin
b5 613218 atypical emia
deficiency genital
developmen
t
17pB- HSD17B3 NO 46,XY DSD; Normal Decreased or
hydroxyster | 264300 atypical absent in 46,XY
oid genital
dehydrogen developmen
ase lll t;
deficiency / progressive
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17- virilization
ketosteroid and
reductase gynecomasti
deficiency a at puberty
5a- SRD5A2 NO 46,XY DSD; Normal Impaired in
reductase Il | 607306 atypical 46,XY
deficiency genital
developmen
t;
progressive
virilisation
and
gynecomasti
a at puberty
3a- AKR1C2/4 NO 46,XY DSD; Normal NK
hydroxyster | 600450 gonadal
oid 600451 insufficiency
dehydrogen ; atypical
ase genital
deficiency developmen
t
Aromatase CYP19A1 NO Normal 46,XX DSD with Impaired in Overgrowth and
deficiency 107910 variable degree of | 46,XX metabolic
virilisation at birth anomalies in
(ambiguous males
genitalia), gonadal
insufficiency, POI
Steroidogen | NR5A1/ Rare Mild to POI or normal; Mostly
ic factor 1 SF1 severe 46,XY | rarely 46,XX DSD impaired in
184757 DSD; with atypical 46,XY; variable
gonadal genital in 46,XX

insufficiency
—very
variable;
ambiguous
genitalia

development

Abbreviations: NK; not known, POI; primary ovarian insufficiency, PCO; polycystic ovary.
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5-ALPHA-REDUCTASE-2 DEFICIENCY (SRD5A2
VARIANTS)

Deficiency of the 5a-reductase enzyme arises from
variants in the steroid 5a-reductase type 2 (SRD5A2)
gene, which can show single point mutations to
complete gene deletions. Newborns affected by this
condition possess functioning Leydig and Sertoli cells,
but due to their inability to convert testosterone to
DHT, they may exhibit varying degrees of under-
masculinized external genitalia, including genital
ambiguity at birth in some cases (16, 67-69). The
Millerian ducts in affected individuals regress as
expected, due to normal Sertoli cell function and AMH
production. During puberty, significant virilization
becomes possible in affected individuals, and the
testes are capable of supporting spermatogenesis, as
DHT is not required for germ cell maturation.
Therefore, fertility is attainable in less severely
affected individuals (70-72) or with the use of
intrauterine insemination. Recent evidence also
suggests that SRD5A2 activity may be even
influenced by genetic polymorphisms of SRD5A2 (50).

GENETIC DEFECTS OF ANDROGEN ACTION

Complete or partial androgen insensitivity syndromes
(CAIS/PAIS) are caused by genetic mutations
affecting androgen receptor (AR) function (73, 74),
and serum testosterone levels are typically elevated.
Internationally, incidence of AIS is reported in 1 in
20,400 live born 46,XY infants, with CAIS occurring at
a higher rate than PAIS (75).

The human androgen receptor (AR) is encoded by a
single gene (AR) composed of 8 exons located in the
g11-12 region of the X chromosome. The AR gene
mutation database includes hundreds of AR variants
that lead in varying degrees of atypical sex
differentiation of 46,XY fetuses, also classified as AIS
type | (76-78). A small number of complete AR gene
deletions have been reported, as well as deletions that
start at exons 2, 3 or 4 and extend to the terminus of

the gene. In addition, a limited number of mutations
resulting from premature terminations, base deletions
and terminations have been identified. However, the
most common type of AR gene mutation results from
base substitutions (79). When mutations result in
partial inactivation of AR activity (PAIS), the
phenotypic variability in under-masculinization can be
substantial and depends on the residual activity of the
AR. In some cases, this can lead to ambiguous
genitalia in newborns with a 46,XY chromosomal sex.

Unlike in CAIS, the underlying genetic defect in PAIS
is only found in the AR gene in about 40% of cases
(80). However, the clinical and biochemical phenotype
is similar, and in vitro functional tests demonstrate
androgen resistance in all of them. Thus, individuals
with AIS without AR mutations are classified as AIS
type Il (73). In cases of AIS type Il without AR variants,
largely unidentified regulators or cofactors of the AR
are responsible for the impaired AR signaling, as
revealed by an AR-dependent bioassay using genital
skin fibroblasts and the targeted apolipoprotein D as a
biomarker (81). Given that AR activity can be
regulated at various levels, the potential mechanisms
of AIS type Il are diverse. Recently, altered DNA
methylation of the AR promoter has been observed in
some individuals with PAIS (82). Additionally,
mutations in the Disheveled associated activator of
morphogenesis 2 gene (DAAM2) that impair nuclear
actin assembly at AR have been associated with AIS
type Il (83).

Overall, individuals with PAIS experience variable
degrees of end-organ unresponsiveness to
androgens, resulting in varying degrees of Wolffian
duct development and external genital ambiguity.
Within families with the same AR mutation, phenotypic
variability can occur due to variable degrees of
insensitivity to androgens (84, 85). Consequently,
solely relying on genetic information, it is challenging
to predict whether a newborn with PAIS will identify as
male, intersex, or female in later life and respond to
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future testosterone therapy.
counselling is challenging.

Similarly, genetic

The 46,XX Newborn With Ambiguous Genitalia

Ambiguous genitalia in a chromosomal 46,XX fetus
invariably results from androgen excess during fetal
development, and the degree of virilization (Figure 2)
often provides clues about the timing and severity of
the underlying disorder.

Similar to a 46,XY fetus, a 46,XX fetus may experience
partial gonadal dysgenesis or develop testicular or
ovo-testicular DSD due to pathogenic variants in
genes involved in early sex determination (Table 3 and
4). Ovo-testicular DSD occurs when both ovarian and
testicular tissue develop in the same individual (1).
Most newborns with ovo-testicular DSD possess
46,XX chromosomes and present with ambiguous
genitalia, although some affected individuals have
46,XY chromosomes or 46,XX/46,XY mosaicism. Just
like in 46,XY DSD, the degree of testicular
development determines the extent of
masculinization/virilization of the external genitalia,
Wolffian duct development, and Millerian duct
regression in affected newborns (79). A summary of
known genetic variations is given in Table 4.

In the majority of cases, ambiguous genitalia in a
46,XX fetus with typical ovarian organogenesis can be
attributed to excessive androgen production/exposure
early in utero, originating either from the fetus itself
(Table 3 and Table 5) or from the mother or
environment.

ABNORMAL FETAL ANDROGEN PRODUCTION BY
CONGENITAL ADRENAL HYPERPLASIA (CAH)

The term congenital adrenal hyperplasia (CAH)
encompasses several adrenal disorders, each linked
to a mutation in one of the enzymes necessary for the
biosynthesis of cortisol from cholesterol (86) (Figure 4
and Table 5). These abnormalities lead to increased
ACTH secretion by the pituitary gland, which, in turn,

results in the increased secretion of cortisol
precursors, including adrenal androgens.

Deficiency of steroid acute regulatory protein (StAR)
causes congenital lipoid adrenal hyperplasia,
characterized by salt loss and a lack of cortisol,
androgen, and estrogen secretion. Genetic 46,XX
infants affected by StAR deficiency exhibit typical
female external genitalia, while genetic 46,XY are born
with ambiguous genitalia or may experience sex
reversal in cases of severe loss-of-function variants. A
similar phenotype is also observed with variants in
CYP11A1.

Deficiency in 17a-hydroxylase/17,20-lyase leads to
hypertension due to the hypersecretion of
corticosterone and impaired androgen secretion.
Similar to congenital lipoid adrenal hyperplasia, 46,XX
fetus affected by 17a-hydroxylase/17, 20-lyase
deficiency (CYP17A1) develop typical female external
genitalia, while 46,XY fetus present with ambiguity.

Deficiency of 3B-hydroxysteroid dehydrogenase
(HSD3B2) results in salt loss and impaired androgen
synthesis. Affected 46,XX females may or may not
exhibit minimal genital masculinization, whereas all
genetic 46,XY males are variably under-masculinized
(87).

CAH due to 11B-hydroxylase deficiency (CYP11B1)
and 21-hydroxylase deficiency (CYP21A2) results in
the most significant masculinization/virilization of
external genitalia in 46,XX fetus compared to all other
types of CAH. Additionally, 11B-hydroxylase
deficiency can lead to hypertension in individuals of
either sex in later life (88, 89).

21-hydroxylase deficiency CAH, caused by variants in
CYP21A2, represents the most common form
(accounting for more than 90% of cases) of CAH and
is the most frequent genetic cause of DSD with
ambiguous genitalia at birth in 46,XX newborns (59,
63). Cortisol deficiency necessitates replacement
therapy in all classic forms of CAH. In the milder
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(simple-virilizing) presentation of classical 21-
hydroxylase deficiency, salt loss is typically not an
issue, whereas in the more severe (salt-wasting) form
of classical 21-hydroxylase deficiency, salt-loss
occurs and may pose a risk to the newborn shortly
after birth if not treated with both mineralocorticoids
and glucocorticoids (86, 90, 91).

The pathological mechanisms of 21-hydroxylase
deficiency leading to 46,XX virilization in utero have
been well described (92). It involves androgen excess
due to lack of 21-hydroxylase activity during the critical

time window around 6-12 weeks of gestation when the
external genitalia are formed, and adrenal androgen
production should be redirected to cortisol production
to protect the female external genital anlage. In 46,XX
CAH (Table 5), the resulting adrenal androgen excess
exceeds the androgen metabolizing capacities of the
fetal-placental unit, and alternative pathways of
androgen production (Figure 4) are also activated,
contributing to the overall androgen excess. Figure 5
illustrates in a scheme how the fetal adrenals, liver and
placenta cooperate under normal conditions to
metabolize fetal adrenal androgens into estrogens.

=
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_ FDX/FDXR =z
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Z Pregnenolone r
w c
[ P450c17 >
() POR =
< - i
- 170H-Pregnenolone
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™ POR (b, FETAL LIVER '
DHEA SA24 pHEAs <22 160H-DHEAS
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PLACENTA

Figure 5. Steroid metabolic pathways in the fetal-placental-maternal unit, also known as the fetal-
placental unit. The main function of the FZ of the fetal adrenal is the production of DHEA-S from
cholesterol, which is transported to the placenta, desulfated to DHEA, and sequentially metabolized by
placental 3p-hydroxysteroid dehydrogenase type 1 (3BHSD1), 17B-hydroxysteroid dehydrogenases
(17BHSD) and cytochrome P450 aromatase (CYP19A1), to androstenedione (A4), testosterone (T) and
estradiol (E2), respectively. E2 is then transported from the placenta into the maternal circulation. A4 is
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additionally also a substrate for placental CYP19A1, producing estrone (E1). Fetal adrenal DHEA-S is
also metabolized by the fetal liver to 16a-hydroxy-DHEA-S by cytochrome P450 family 3 subfamily A
member 7 (CYP3A7), which is metabolized to estriol (E3), the estrogen marker of pregnancy.

Abbreviations: PREG, pregnenolone; 170HPREG, 17a-hydroxypregnenolone; PROG, progesterone;
DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone-sulfate; CYP11A1, cytochrome P450
cholesterol side chain cleavage; StAR, steroidogenic acute regulatory protein; CYP17A1, cytochrome
P450 17a-hydroxylase/17,20-lyase; SULT2A1, sulfotransferase; CYP3A7, cytochrome P450 family 3
subfamily A member 7; CYP19A1, cytochrome P450 aromatase; HSD17B, 17B-hydroxysteroid
dehydrogenase; HSD3B1, 3B-hydroxysteroid dehydrogenase type 1; HSD11B2, 11B-hydroxysteroid

dehydrogenase type 2; STS, sulfatase.

FETAL AND PLACENTAL AROMATASE
DEFICIENCY

During fetal development, the adrenals produce
substantial amounts of DHEA/S. These are either
converted to 16-hydroxy-DHEA/S in the fetal liver and
then transported or directly transferred to the placenta,
where they are converted into estrogens (Figure 5). In
case of an aromatase enzyme deficiency in the fetus
(caused by variants in the CYP19A1 gene), androgen
precursors accumulate and lead to virilization of 46,XX
fetuses, typically leading to ambiguous genitalia at
birth (93). Androgen excess due to fetal aromatase
deficiency may also induce maternal virilization during
pregnancy, as indicated by a deepening of the voice,
oily skin and hair, and excessive hair growth
(hirsutism).

EXCESS MATERNAL ANDROGEN PRODUCTION

Excessive androgen production can negatively impact
fertility due to anovulation, therefore cases of maternal
androgen  production during pregnancy are
exceedingly rare. Nonetheless, androgens originating
from the mother can travers the placenta and lead to
the masculinization of a female fetus. These maternal
androgens usually originate from the ovaries or
adrenal glands. Androgen-producing ovarian tumors
include hilar cell tumors,
arrhenoblastomas/androblastomas, lipoid cell tumors,
and Krukenberg tumors. In contrast, pregnancy
luteomas, rare non-neoplastic ovarian lesions
occurring during pregnancy, are believed to be caused

by hormonal effects related to pregnancy. Although
exceptionally rare, androgen-secreting tumors of the
adrenals can also occur during pregnancy.

DRUGS ADMINISTERED TO THE MOTHER
DURING GESTATION

In 1958, Wilkins et al. reported that certain synthetic
progestins administered to pregnant women, such as
17a-ethinyl-19-nortestosterone, can masculinize the
external genitalia of female fetuses (94). Similarly,
diethylstilbesterol (DHE), a nonsteroidal synthetic
estrogen, has been linked with urogenital anomalies in
both 46,XX and 46,XY fetuses (95, 96). More recently,
numerous studies have indicated that fetal exposure
to various endocrine disrupting chemicals (EDCs)
such as pesticides, fungicides, herbicides, and
plasticizers may adversely affect genital development
(97-99).

Syndromes Associated with Ambiguous Genitalia

As previously mentioned in sections of 46,XX and
46,XY DSD, ambiguous genitalia can be associated
with syndromes characterized by multiple congenital
malformations, as summarized in Table 4. These
associations arise because many of the transcription
factors involved in sex development and differentiation
also have roles in other aspects of development
(Table 4).

For example, mutations of the WT-1 gene (11p3) can
lead to several syndromes, including WAGR, Denys-
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Drash or Frasier syndromes (70-72). Mutations in
SOX-9 (17q24-25) can result in campomelic dysplasia
(100).

Mutations

in DMRT1/DMRT2 (9p24.3), EMX2 (10925.3g26.13),
ATRX (Xq13.3) and WNT-4 (1p35) are often
associated with developmental delay (101, 102). SF-
1(9933) and DAX-1 (Xp21.3) play roles in the early
formation of the adrenals, anterior pituitary, and parts
of the hypothalamus.

Consequently, mutations can lead to abnormalities of
these organs, in addition to those of the urogenital
system. Abnormal development of the lower
abdominal wall with pubic diastasis can result in
urogenital anomalies observed in the VA(C)TER(L)
and CHARGE syndromes, as well as bladder and
cloacal exstrophy (103).

These examples underscore the complexities of the
anomalies that may be associated with ambiguous
genitalia in newborns and emphasize the importance
of conducting a thorough physical examination and
involving an experienced DSD team when faced with
a child presenting ambiguous genitalia.

WORKUP OF NEWBORNS WITH AMBIGUOUS
GENITALIA

The etiology of genital ambiguity in newborns is
diverse and can have significant implications for
management. Therefore, obtaining an accurate
diagnosis through a medical workup is crucial. Some
investigations are urgent, such as ruling out or
confirming and treating potentially life-threatening
adrenal insufficiency with mineralocorticoid and
glucocorticoid replacement therapy in children with
underlying CAH. Additionally, associated organ
anomalies may require immediate attention to ensure
the child’s survival, such as cardiac, pulmonary, or
kidney malfunctions.

When the newborn is shown to be capable of excreting
urine and stool without problems, and adrenal and
other organ functions are found to be intact,
investigations to understand genital ambiguity become
primarily a psychosocial “emergency” for the family
and caregivers. As a result, psychological support and
holistic care by a DSD team as early as possible are
essential to guide the parents and make decisions in
the child’s best long-term interest. Obtaining an
accurate diagnosis of the underlying cause of genital
ambiguity early on is necessary for decision-making
processes regarded to sex registration, hormonal and
surgical treatments, and outcomes such as potential
fertility and risk of gonadal malignancy. Therefore, it is
recommended practice that a thorough workup should
be performed for every child born with ambiguous
genitalia, and guidelines for such assessments are
available (22, 104-107).

Overall Assessment of the Child with Ambiguous
Genitalia

Figure 6 provides an overview of the initial workup for
a newborn with ambiguous genitalia. Several aspects
are considered, including pregnancy and family
history, as well as postnatal adaptation (such as
feeding, weight gain, alertness, excretion). In some
cases, suspicion of genital ambiguity may arise during
pregnancy through ultrasound surveillance. In such
cases, first contact and information through a DSD
team member (e.g., neonatologist, geneticist, pediatric
endocrinologist) together with the DSD psychologist is
recommended to guide the parents through pregnancy
and alert the future care team early. Prenatal workup
of ambiguous genitalia is generally not necessary if
the fetus is otherwise developing normally without
other organ anomalies that require attention. It is
important to note that a fetus with CAH does not suffer
from mineralocorticoid and cortisol deficiency in utero,
as these hormones become essential only after birth
(Figure 4). Genetic workup of a child with ambiguous
genitalia during the prenatal period may only be
recommended when there is a previous index case
with a diagnosis, or when parental genetic data inform
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an abnormality, and when genetic counseling of the
parents has led to a personalized action plan.

When taking the medical history of a newborn with
ambiguous genitalia, asking specific questions can
help guide the diagnostic workup and management.
Figure 6 provides a list of important questions to
consider. For example, androgenic drugs used in
pregnancy may explain the virilization of a 46, XX
newborns. Maternal virilization during pregnancy, for
example, voice change and hirsutism may be
important for the diagnoses of maternal virilizing
tumors, P450 oxidoreductase (POR) deficiency, or
placental aromatase deficiency. Questions about

parental consanguinity are important, because many
of the causes of ambiguous genitalia are recessively
inherited. History of previously unexplained neonatal
deaths, ambiguous genitalia, infertility or genital
surgery in the family is important for identifying
potential genetic etiologies.

In addition to the medical history, every newborn with
ambiguous genitalia should undergo a comprehensive
physical examination, with a special focus on signs of
adrenal insufficiency (dehydration, lethargy, poor
feeding) and any dysmorphic features (Figure 6). This
examination may guide the diagnostic process.
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Assessment of atypical/ambiguous
genitalia in a newborn
Maternal history of:

v Antenatal drug use
v’ Signs and symptoms suggestive of androgen excess
Family history of:
i v Consanguinit
Histo suinity
Y v Infertility
¥ Gonadal/urogenital malformations
v

Early infant death

General:
v Well-being
Hydration, heart rate, blood pressure
Jaundice

v
v
v Hyperpigmentation of areola, other body parts
v Organomegaly, heart murmur

v

. Any dysmorphic feature
Phy'sma'l Genital examination:
examination v Hyperpigmentation
v' Palpation of labioscrotal folds and inguinal canal
{gonads? testicular tissue?)
v External genitalia using Prader/EMS/EGS staging
¥’ Location and number of urogenital orifices
v Length of phallus/clitoris
v’ Labioscrotal fusion/anogenital distance
¥" Formation of labioscrotal folds and rugae
v Patency of anal arifice
Day 1.

v Karyotype (or SRY FISH, QF-PCR, microarray)
v’ Hyponatremia, hyperkalemia, hypoglycemia (monitor)
v Ahdominopelvic USG for gonads, Mullerian structures
¥’ Urinalysis for proteinuria

. Preferably after 48 hrs:

Basic

<

Adrenal function tests
170H-Progesterone

Investigations v
v 11-Deoxycortisol
v
v

DHEAS, Androstenedione
ACTH, renin

Preferably after 1 week:
v" FSH, LH, testosterone
v AMH

l

Refer to Figure 9 and Figure 10 according to

karyotype and etiology:
v SDSST
HCG test
Plasma/urinary steroid panelling/profilling
Imaging of internal genital tract
Gonadal/skin hiopsy
Molecular etiology (single gene, gene panel, WES, WGS)

Further ;
Investigations v
v
v

Figure 6. Algorithm for initial workup of the child with ambiguous genitalia at birth.
Abbreviations: SDSST; Standard dose synthetic ACTH (synacthen) stimulation test, HCG; Human
chorionic gonadotropin, WES; Whole exome sequencing, WGS; Whole genome sequencing, EMS;
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External masculinization score, EGS; External genital score, QF-PCR; quantitative fluorescence
polymerase chain reaction, SRY FISH; SRY fluorescent in situ hybridization.

Physical Examination of the External Genital Area

Systematic assessment of the external genital area in
newborns with ambiguous genitalia is crucial, and it
should be carefully documented. Over the years,
different scales and scoring systems have been used
to evaluate the external genitalia. These assessments
help provide a standardized way to document the
physical characteristics, which is essential for
comparing data over time and between different
healthcare providers and patients. The use of these
scales and scoring systems aids in follow-up and
tracking of changes in the external genitalia.

Historically, the Prader or Quigley scales were
commonly used for this purpose (108, 109) (Figure 7).
Later, the external masculinization score (EMS) was
introduced as a more comprehensive assessment tool
(104) (Table 6). Nowadays, the external genital score
(EGS) is recommended for evaluating and
documenting the external genitalia (110) (Table 7).
These tools provide a structured way to assess and
record the physical findings, making it easier to
monitor and communicate about the patient's
condition.

The careful examination of the external genitalia in
newborns with ambiguous genitalia provides valuable
non-invasive, indirect information about prenatal
exposure and response to DHT, and about the timing
of this exposure. For instance, androgen exposure
must have occurred in the first trimester to cause labial
fusion.

During the genital exam, it's important to measure the
stretched phallic length, assess the quality of the
corpora (erectile tissues), inspect of the labia, labio-
scrotal folds, or scrotum, and document the position of
the urethral opening (and vaginal opening, if
applicable). Furthermore, the presence and location of
palpable gonads should also be recorded. Any
asymmetry in the gonads and external genitalia should
be noted. Asymmetry in internal and/or external
genital structures may suggest mixed gonadal
dysgenesis or ovo-testicular DSD. All these
observations can be documented using the external
genital score (EGS), which provides a standardized
way to assess and record the physical characteristics
of the external genitalia (Table 7). In addition, the
anogenital distance (AGD), the distance between the
anus and the base of the genitalia, can be helpful in
determining the extent of androgen exposure during
fetal development, as a higher ratio is generally
consistent with increased androgen exposure (111)
(Table 8). In older infants, the anogenital index (AGI),
which is the body weight standardized index of AGD
[AGIl/weight (mm/kg)], may be used for assessments
to account for changes of the external genitalia
through growth and postnatal development (111).

Overall, a thorough examination and documentation of
the external genitalia provide important clinical
information that can guide the diagnosis and
management of newborns with ambiguous genitalia.
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Prader Scale:
Visual grading of
external genital

virilization

Normal female Stage 1

&

Quigley Scale:
Visual grading of
external genital

virilization for androgen

insensitivity syndrome

Stage 1 Stage 6/7

Stage 2 Stage 3 Stage 4 Stage 5

Figure 7. Prader and Quigley Scales for visual grading of external genital virilization. In Stage 3 a single
urogenital orifice can be observed.

Table 6. External Masculinization Score (EMS)

External Scrotal | Micropenis | Urethral Right gonad | Left gonad
Masculinization fusion meatus
Score (EMS).

3 Yes No Normal

2 Distal

1.5 Labioscrotal | Labioscrotal
1 Mid Inguinal Inguinal
0.5 Abdominal Abdominal
0 No Yes Proximal Absent Absent

An EMS score <11 out of 12 needs further clinical investigation for DSD in 46,XY.

Table 7. External Genital Score (EGS)

External | Labio- Genital Urethral Right gonad Left gonad
genital scrotal tubercle meatus

score fusion size (mm)

(EGS)

3 Fused 231 Typical male

2.5 26-30 Coronal

glandular
Penile
1.5 Posterior | 21-25 Peno-scrotal Labio-scrotal Labio-scrotal
fusion
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1 10-20 Scrotal Inguino- Inguino-scrotal
scrotal

0.5 Perineal Inguinal Inguinal

0 Unfused | <10 Typical female | Impalpable Impalpable

Median EGS (10th to 90th centile) in males < 28 weeks gestation is 10 (8.6-11.5); in males 28-32 weeks 11.5
(9.2-12); in males 33-36 weeks 11.5 (10.5-12) and in full-term males 12 (10.5-12). In all female babies, EGS is

0 (0-0).

Table 8. Reference Ranges for Anogenital Distance and Anogenital Index in Term Neonates
5th 10th 25th 50th 75th 90th 95th

Males

AGD 18.47 19.44 21.00 22.68 25.20 27.80 29.08

(mm)

AGI 5.59 5.83 6.30 6.93 7.62 8.22 8.57

(mm/kg)

Females

AGD 9.40 9.85 10.55 11.65 12.60 13.45 14.10

(mm)

AGI 3.04 3.15 3.38 3.59 3.80 4.00 4.19

(mm/kg)

Anogenital index (AGI): the body weight standardized index of AGD [AGI=AGD/weight (mm/kg)] and found that
using AGI as parameter has a better correlation with age.

Basic Auxiliary Investigations in the First Days

In the first few days of life, basic investigations are
essential to evaluate adrenal and gonadal
development and function in otherwise healthy
newborns with ambiguous genitalia. Some key
aspects to address include serum electrolytes and
glucose levels. They should be monitored daily as
cortisol deficiency can manifest as hypoglycemia in
newborns affected by CAH. Body weight and feeding
characteristics should also be monitored as excessive
weight loss may indicate dehydration and electrolyte
disturbances.

KARYOTYPE
Besides careful clinical evaluation, first-line

investigation of an individual with DSD involves
confirming the chromosomal sex using quantitative

fluorescence polymerase chain reaction (QF-PCR)
and karyotype (22). QF-PCR detects a series of
markers on the sex chromosomes and has a turn-
around time of about 1-2 days. This technique has
largely replaced fluorescence in situ hybridization
(FISH) methods. The analysis of karyotype is a
cytogenetic technique (involving G-banding) and is
crucial for the initial classification of a newborn with
ambiguous genitalia (Table 3). Some centers have
replaced karyotyping by array-comparative genomic
hybridization (aCGH) or SNP array, with faster turn-
around times of 5-10 days. But these techniques will
not detect structural chromosomal rearrangements
and may be less effective at detecting sex
chromosome mosaicism.
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HORMONE STUDIES

Detailed hormone studies may be indicated including
serum gonadotropins (LH, FSH), androgens and
androgen precursors (17-hydroxypregnenolone, 17-
hydroxyprogesterone, androstenedione, testosterone,
dihydrotestosterone), adrenal steroids and hormones
(cortisol, aldosterone, and their precursors; ACTH,
renin), and anti-Mdllerian hormone (AMH) (1, 24).

Care must be taken when interpreting the results in
premature babies, in whom these studies may need to
be repeated at a later age and special normative value
may apply. Even in term babies the timepoint and the
clinical context (mode of delivery, drug effects, actual
stress level etc.) need to be considered when
evaluating hormonal data immediately after birth.
Hormonal data change massively during delivery (e.g.,
surge) and within days thereafter. Additionally, it's
essential to be aware that normative values for
hormone levels can vary depending on the laboratory
and the methods used for testing. The interpretation of
hormonal data should be done by experienced
healthcare providers and, if necessary, in consultation
with a specialist in DSD.

IMAGING STUDIES

Ultrasound imaging of the abdominal-pelvic organs is
a valuable diagnostic tool in the evaluation of
newborns with ambiguous genitalia. It provides
important insights into the internal reproductive and
urinary structures, helping to determine the presence
and characteristics of gonads, Miullerian structures
(e.g., the uterus), and any associated abnormalities of
the urinary tract. It can be performed at the first visit of
a child with ambiguous genitalia. Of course, this
investigation is not easy and may only be performed
by an experienced ultra-sonographer to reveal
meaningful results. Ultrasound can also detect
abnormalities of the urinary tract (kidney, ureters,
bladder) that sometimes occur in conjunction with
genital ambiguity. Interestingly, data show that a child
with a uterus and a female internal system that

presents with ambiguous genitalia without gonads in
the genital folds and has a 46,XX karyotype, will have
in 80% of cases a diagnosis of a 46,XX CAH (most
likely 21-hydroxylase deficiency). The information
needed to come to this conclusion in a newborn with
ambiguous genitalia can be available within 48 hours
in institutions with an experienced DSD team.

In a second step, usually after months or years,
additional imaging studies with MRI can be helpful in
identifying both the type and extent of internal sex
organ development in more details. An MRI may
reveal further details on Millerian structures (uterus
remanent, fallopian tubes, upper portion of the vagina)
than an ultrasound and can also help for localizing
abdominal gonads. MRI may also be used for
surveillance of the gonad at risk for cancer.

A genitogram had been used in the past (often early)
to visualize the urinary tract, and to determine its
position in relation to the vagina or vagino-utricular
pouch but is no longer performed in most institutions.

However, in follow-up, cystoscopy and vaginoscopy
may be used. These investigations are invasive
procedures requiring general anesthesia, and
therefore need to have a clear indication. Often, they
are performed after complications such as urinary tract
infections, to better understand the anatomy and its
consequences, and in preparation for a surgical
procedure (112).

Overall, the choice of imaging studies and procedures
should be guided by the individual's clinical
presentation, diagnosis, and the specific clinical
questions that need to be addressed. In many cases,
a multi-disciplinary DSD team collaborates to
determine the most appropriate imaging approach to
provide a comprehensive evaluation and guide
treatment decisions.
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GENETIC STUDIES

The rapid advancement of genetic technologies,
particularly massive parallel sequencing methods like
DSD panels, whole exome sequencing (WES), and
whole genome sequencing (WGS), has significantly
expanded our understanding of the genes involved in
sex development. As a result, genetic workup has
become an integral part of the recommended routine
evaluation for individuals with DSD and thus
ambiguous genitalia at birth (8, 22, 24, 113, 114).

While making a precise genetic diagnosis is still a
challenge in some cases, the use of advanced genetic
techniques has improved the diagnostic yield.
Currently, a clear molecular-level diagnosis can be
established in approximately half of individuals with
46,XY DSD who undergo genetic workup. However,
as genetic technologies continue to evolve, and our
understanding of sex development genes expands, it
is likely that more cases, including those involving
individuals with ambiguous genitalia at birth, will
receive accurate and valid diagnoses. Therefore, re-
review of genetically unsolved cases by a DSD team
and genetic re-analysis by DSD-specialized teams is
recommended to achieve a final diagnosis in as many
as possible.

In summary, the integration of genetic workup, in
combination with ongoing advancements in
technology and genetic knowledge, is expected to
enhance our ability to provide individuals with DSD,
including those with ambiguous genitalia at birth, with
more precise and comprehensive diagnoses in the
future. This progress will lead to better-informed
clinical decisions and management strategies for
newborns with ambiguous genitalia.

DIFFERENTIAL DIAGNOSIS

Generally, the result from the karyotype plays a major
role in the differential diagnosis and workup of DSD
and thus ambiguous genitalia (Table 3). In most
cases, the chromosomes in newborns with ambiguous

genitalia will be either 46,XX or 46,XY. In rare
instances, chromosomal aberration such as
45,X/46,XY or 46,XX/46,XY mosaicism may be the
underlying cause explaining the phenotype.
Additionally, measurements of specific hormones,
such as serum luteinizing hormone (LH), follicle-
stimulating hormone (FSH), sex steroids, AMH, inhibin
B at birth and at follow-up, in the so-called mini-
puberty of infancy period, can provide valuable
information for the differential diagnosis of DSD and
ambiguous genitalia.

In the following we provide two flowcharts and give
some general information for the step-by-step workup
of newborns with ambiguous genitalia and either
46,XX or 46,XY chromosomes.

46, XX DSD

A 46, XX karyotype in a newborn with ambiguous
genitalia indicates that the child is a genetic female
who was exposed to excessive amounts of androgens
during fetal life. A flowchart for differential diagnosis is
given in Figure 8.

Marked elevation of plasma 17-hydroxypregnenolone,
17-hydroxyprogesterone, 21-deoxycortisol and
androstenedione, along with male-typical levels of
testosterone, are characteristic of 21-hydroxylase
deficiency (CYP21A2). High values of corticosterone
and 11-deoxycortisol, along with elevated androgens,
indicate  11B-hydroxylase  deficiency (biallelic
mutations in CYP11B17). In 3beta-HSD deficiency
(biallelic mutations in HSD3B2), calculation of ratios of
delta-5 (pregnenolone, 170H-pregnenolone, DHEA)
over delta-4 (progesterone, 170OH-progesterone,
androstenedione) steroid metabolites (see Figure 4)
will point towards the genetic defect.

Overall, comprehensive steroid profiling from blood or
urine using chromatographic, mass spectrometric
methods allow the diagnosis of most steroidogenic
defects causing androgen excess CAH in 46,XX
newborns (115-117) (see also Table 5). In addition,
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they have led to the description of novel alternate
pathways to produce active androgens in the
intermediate metabolism through the backdoor or 11-
oxygenated pathways, especially in disorders such as
21-hydroxylase or POR deficiencies, thereby
enhancing our understanding and diagnostic
possibilities (115, 117, 118) (Figure 4). However,
these methods are not (yet) widely available, and the
interpretation of these data is not trivial. In addition,
instruments and methods vary from lab to lab. Thus,
method validation is tedious and comparison between
labs difficult so far (119-121).

When excess maternal androgen production is the
underlying cause for masculinization of a female fetus,
the source of these steroids is eliminated postnatally.
Thus, the various steroids studied in affected
newborns will be in the female-typical range despite
masculinization of the external genitalia. Then,
detailed examination of the mother may provide the
explanation.

Likewise, in cases of mild POR deficiency or
aromatase deficiency, in which the feto-placental unit
was not able to metabolize the fetal androgens and led
to ambiguous genitalia, the problem will not (always)
be visible in the newborn’s steroid metabolome, and
the diagnosis may only be made by genetic testing. If
not, only in later life, when aromatase activity is
needed for estrogen production in puberty, or when

ovarian cysts hint an underlying problem, the
diagnosis may be made (Figure 8).

In individuals with ovo-testicular DSD and 46,XX
chromosomes, masculinization arises from androgens
secreted by the testicular portion of the differentiated
gonads. Androgen production is similar to that
produced by testes in unaffected males except that the
amount is usually smaller. The degree of
masculinization of the genitalia is thus linked to the
amount of functioning testicular tissue, which can be
determined by a serum AMH measurement (Table 9)
(122).

Very low values of AMH and female-typical values for
LH/FSH (Tables 9 and 10) are expected in 46,XX
newborns with masculinized/virilized genitalia that is
attributed to CAH or excess maternal androgen
production during gestation (122, 123). AMH is higher
in newborns with ovo-testicular DSD, due to Sertoli
cell development in the testicular portion of their
gonads where AMH is mainly produced.

On occasion, translocation of the pseudo-autosomal
part of the Y chromosome along with a mutated SRY
gene to an X chromosome occurs. The result is partial
masculinization of the genitalia in a 46,XX newborn.
With maturity, the phenotype of affected individuals
closely resembles that of boys and men with
Klinefelter syndrome.
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ambiguous genitalia

Atypical/

Non-palpable gonads

Pelvic USG
Karyotype
170HP

46, XX DSD

| Mullerian structure (-), testis (+) |

Testicular DSD

SRY translocation to X or
autosomal chromosome

Variable Mullerian (-/+)
Wolffian structures, gonad
(testis-/+ovary)

| Testicular/ovotesticular DSD

Pro-testis gene expression ?

SOX9
SOX3
SOX10

WNT4
RSPO1
FoXL2

Anti-testis gene expression l

| Mulleri

an structure (+),
ovary (+)

| 170H-Progesterone |

Pro-ovary, anti-testis gene mutation
NRSA1

NR2F2

wri

CAH
Aromatase (CYP19A1) deficiency
* 21-OHD Glucocorticoid resistance
11B-OHD Virilizing tm
3B-HSD2 deficiency Drugs
PORD Malformations

Figure 8. 46,XX DSD decision tree diagram.
Abbreviations: USG: Ultrasound; 170HP: 170H-Progesterone; DSD: Differences in sex development;
CAH: Congenital adrenal hyperplasia; 210HD: 21a-Hydroxylase deficiency; 118-OHD: 11B-Hydroxylase
deficiency; 3-HSD2: 3B-Hydroxysteroid dehydrogenase type 2; PORD: P450 oxidoreductase deficiency.

Table 9. Normal Values for AMH (ng/mL)* in Fetuses, Newborns and Infants Under 1
Year (122)

Female Male

n | Median 5-95th percentile | n Median 5-95th percentile
Fetal blood 25 | <0.4 <0.4-0.5 23 | 444 13.4-86.2
Cord blood 53 | <0.4 <0.4-1.1 48 | 30.7 7.4-610.7
1-30 days 70 | <0.4 <0.4-1.3 73 | 57.2 23.8-124.0
31-120 days 31|08 <0.4-6.4 39 |88.4 46.8-173.0
4-12 months 13 | 1.0 <0.4-2.7 53 | 124.7 67.4-197.0

* AMH/MIS enzyme immunoassay kit cat 2368, Immunotech-Beckman Coulter, France
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Table 10. LH and FSH Values (means £ SD) From Female and Male Newborns. Modified from
(123)
Female Male
Age (days) | Hormone n | Median | MeantSD n Median | MeantSD
1-5 FSH (1U/L) 31 |1.80 2.00+1.37 30 | 0.85 0.96 £ 0.60
LH (1U/L) 0.20 0.48 £ 0.66 0.20 0.39+0.48
6-10 FSH (1U/L) 17 | 1.40 2.44 £2.52 15 | 1.40 2.91+4.38
LH (1U/L) 0.30 0.45+0.33 0.30 0.45+0.33
11-15 FSH (1U/L) 8 8.95 8.16 £ 4.27 17 | 3.00 3.71+£2.69
LH (1U/L) 1.60 1.58 + 1.28 2.90 3.55+2.84
16-20 FSH (1U/L) 6 1.90 1.62+1.05 14 | 2.15 2.63+1.45
LH (1U/L) 0.35 1.03 +1.39 3.65 4.13+2.76
21-25 FSH (1U/L) 3 3.90 7.07 £5.92 7 2.10 2.50+1.51
LH (1U/L) 0.50 0.46 +0.25 2.70 2.86+ 1.51
26-28 FSH (1U/L) 8 |6.15 9.74 £9.89 8 2.40 2.25+0.81
LH (1U/L) 2.80 2.75+2.39 1.40 2.22+2.37

Abbreviations: LH, luteinizing hormone; FSH, follicle-stimulating hormone.

46, XY DSD

A 46, XY karyotype reveals that one is dealing with a
genetic male who was under-masculinized during fetal
development. A flowchart for differential diagnosis is
given in Figure 9.

Laboratory findings of normal or elevated testosterone
and DHT with normal AMH (Figure 9) indicate a
diagnosis of AIS. If testosterone levels are normal but
DHT levels are low, a diagnosis of steroid 5a-
reductase deficiency can be made. Low levels of
testosterone and DHT, along with marked elevation of
some androgen precursors, indicate a deficiency of
one of the enzymes required for androgen
biosynthesis (Figure 9). For example, if the elevated
precursors include androstenedione and 17-
hydroxyprogesterone, then the defective enzyme is

17-ketosteroid reductase (HSD17B3). In all cases of
testosterone biosynthetic defects, AMH levels are
similar to those observed in healthy 46,XY male
infants with male-typical external genitalia (Figure 9).
With early defects of steroidogenesis that affect both
adrenal and gonadal function, it is though important to
evaluate adrenal function, as it might be impaired with
deficiencies of STAR, CYP11A1, HSD3B2, CYP17A1
and POR (Table 5, Figure 9).

Finally, when all androgens and their precursors are
below normal levels, one is dealing with gonadal
dysgenesis or 46,XY ovo-testicular DSD. In these
cases, AMH values should also be low. In contrast, for
babies affected by Leydig cell hypoplasia, androgens
and their precursors are low, while AMH values should
be in the normal male range.
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Atypical/
ambiguous genitalia

Palpable gonads

Pelvic USG
Karyotype
170HP

46,XY DSD

Testosterone
AMH

Mullerian structures (+)

Maternal drugs?

Mullerian structures (-)

[ I
TN) Ty TN /(N)
AMH L /(N)/ 1 AMH (N) AMH (N)

Gonadal
dysgenesis

Defective T
biosynthesis

Adrenal functions

Disorders in androgen action

AlS
SRD5A2 deficiency

| Normal |

| Impaired |

HCG test
T/DHT ratio

Leydig cell hypoplasia
17B-HSD3 deficiency

CYBS deficiency
CYP17A1-isolated lyase def.
AKR1C2/4 deficiency

Figure 9. 46,XY DSD decision tree diagram.

3B-HSD2 deficiency
CYP17A1 deficiency
POR deficiency
StAR deficiency
CYP11A1 deficiency

Normal

| AlS |

| SRD5A?2 deficiency |

Abbreviations: USG: Ultrasound; 170HP: 170H-Progesterone; DSD: Differences in sex development;
AMH: Anti-Miillerian hormone; T: Testosterone; N: Normal; PMDS: Persistent Miillerian duct syndrome;
AIS: Androgen insensitivity syndrome; SRD5A2: 5a-reductase A2; HCG: Human chorionic gonadotropin;
DHT: Dihydrotestosterone; 3B-HSD2: 3B-Hydroxysteroid dehydrogenase type 2; CYP17A1: 17a-
Hydroxylase/17-20 lyase; POR: P450 oxidoreductase; StAR: Steroidogenic acute regulatory protein;
CYP11A1; Cholesterol side-chain cleavage enzyme; 178-HSD3: 17B-Hydroxysteroid dehydrogenase type
3; AKR1C2/4: Aldo-keto reductase family 1 member C2/4; CYB5: Cytochrome b5.

Testing Early Postnatal Gonadal Function and
Mini-Puberty

In cases of ambiguous genitalia where a diagnosis
may not be reached through first line investigations,
and where a gonadal malfunction is suspected,
functional testing and/or re-analysis of gonadal
function at the timepoint of mini-puberty may be
helpful, especially also with respect to having
information when making considerations towards sex
of registration (e.g., in utero effect of sex hormones on
the brain) and prediction of later pubertal development
and fertility potential.

Mini-puberty is the time window at day 30-100 after
birth, when the hypothalamic-pituitary-gonadal (HPG)
axis is re-activated for a short time frame in infancy,
before going to inactivity until puberty. Little is known
about the purpose of mini-puberty, but as the HPG
axis is active and stimulates the gonads, it is a time
window of opportunity to assess gonadal function
without the necessity to stimulate with human
chorionic gonadotrophin (hCG).

As a principle, in mini-puberty, the typical ovaries of a
46,XX newborn show little functional activity, while the
typical testes of a 46,XY newborn are quite (re)active
in testosterone (T), DHT, AMH and inhibin B
production. While androgens are produced in the
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Leydig cells of the testes, AMH and inhibin B originate
from the Sertoli cells. Table 11 gives an overview of

the hormonal values observed during normal mini-
puberty in healthy 46,XX and 46,XY infants (124).

Table 11. Evaluation of Reproductive Hormones During Mini-Puberty in Infants. Normative
Values of Different Serum Hormones in 46,XX Female and 46,XY Male Infants. Modified from
(124)
Females Males
Post-natal | n GMean | 2.5-97.5th n GMean | 2.5-97.5th
time percentile percentile
(months)
LH (1U/L) 2-3.5 432 | <LOD <LOD-0.98 581 1.71 0.62-4.08
3.5-5 110 | <LOD <LOD-1.25 166 1.40 0.54-3.32
FSH (1U/L) 2-3.5 435 | 3.98 1.23-17.4 578 1.19 0.41-3.02
3.5-5 111 | 3.93 1.30-17.7 165 1.11 0.42-2.68
Testosterone 2-3.5 74 <LOD <LOD-0.40 592 3.04 0.69-7.60
(RIA,nmol/L) 3.5-5 14 <LOD <LOD-NA 168 1.97 <LOD-7.01
Testosterone 2-3.5 165 | <LOD <LOD-0.21 251 4.75 1.35-11.3
(LC-MS/MS, 3.5-5 125 | <LOD <LOD-0.17 175 2.25 0.32-9.65
nmol/L)
Estradiol 2-3.5 455 | 29 <LOD-79 571 <LOD <LOD-47
(pmol/L) 3.5-5 113 | 31 <LOD-98 160 <LOD <LOD-49
SHBG (nmol/L) 2-3.5 427 | 133 67-264 579 135 66-268
3.5-5 110 | 141 72-282 162 143 71-262
Inhibin B 2-3.5 423 | 62 <LOD-184 571 379 229-631
(pg/mL) 3.5-5 106 | 67 <LOD-174 158 379 222-662
AMH (pmol/L) 2-3.5 339 |11 <LOD-49 48 1013 425- 1810
3.5-5 67 15 2-46 12 1183 797-NA

Abbreviations: LOD, Limit of detection; GMean, geometric mean; LH, luteinizing hormone; FSH, follicle-
stimulating hormone; T, testosterone; RIA, radioimmunoassay; SHBG, sex-hormone binding globulin; AMH, anti-
Mdillerian hormone; LC-MS/MS, liquid chromatography-tandem mass spectrometry; NA, not available.

HCG Testing of Gonadal Function in a DSD
Newborn

The human chorionic gonadotrophin (hCG) test can
assess whether in a newborn with ambiguous
genitalia, functioning Leydig cells are present. The test
may therefore be useful for diagnosing testosterone
biosynthesis defects such as HSD17B3 or SRD5A2
deficiency (Table 12). Several protocols for the hCG
test exist, but all baseline serum samples are taken for

T, DHT and precursors. Then, one to three
intramuscular injections of high dose hCG (500-1500
IU) are given at 24 hours interval, and finally repeat
stimulated samples are taken for androgen
measurements after 72 or 24 hours, respectively, after
the last injection. The following Table 12 shows how
results of the test may be interpreted in various DSD
conditions that may lead to ambiguous genitalia (125,
126).
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Table 12. Interpretation of hCG Stimulation Test Results (125, 126)

Indication Consideration

Abnormal result

Testosterone biosynthesis

defects administration

T before and after hCG

T increase < 100-150 ng/dL
(3.5-5 nmol/L)

5a-Reductase deficiency
administration

T/DHT ratio after hCG

> 8.5 for minipuberty,

> 10 for prepuberty,

> 17 for puberty,

> 20 in genetically proven
cases using LC-MS/MS

17B-HSD3 deficiency

T/A4 ratio after hCG administration

<0.8

administration

AlS T, SHBG before and after hCG

T increases but SHBG does not

change significantly

Abbreviations: T, testosterone; DHT, dihydrotestosterone; HCG,

human chorionic gonadotropin; A4,

androstenedione; SHBG, sex-hormone binding globulin; AMH, anti-Mdillerian hormone; LC-MS/MS, liquid
chromatography-tandem mass spectrometry; 178-HSD3 deficiency, 173-hydroxysteroid dehydrogenase type 3

deficiency; AIS, androgen insensitivity syndrome
RISK OF MALIGNANCY OF THE DSD GONAD

Individuals with certain disorders of sex development
(DSD), especially those involving Y chromosome
material, have an increased risk of developing gonadal
tumors. These tumors are mainly gonadal germ cell
tumors (GGCTs), which occur in about 15 % of all DSD
cases, with the risk varying depending on the age and
specific underlying diagnosis. Gonadal stromal tumors
and smooth muscle leiomyomas/hamartomas are less
common and are found in only about 0.9% of DSD
cases (127). Risk factors for development of gonadal
malignancy in DSD are shown in Figure 10. Several
factors contribute to the increased risk of gonadal
malignancy in individuals with DSD, including genetic
factors, the presence of Y chromosome material, and
the type of DSD. Therefore, ongoing monitoring and
appropriate management are essential to minimize
this risk. While gonadectomy (surgical removal of the
gonads) is not recommended for every case of 46,XY
DSD, it's crucial to consider the risk of malignant
tumors in the decision-making process (1, 69). The
consensus statement on the management of DSD
provides guidelines and recommendations regarding

the timing of gonadectomy for specific patients. These
recommendations aim to balance the potential
benefits of gonadectomy with the associated risks and
individual patient needs.

In individuals with DSDs, germ cells typically undergo
a process of apoptosis (programmed cell death) as the
body grows and develops. This process eliminates
germ cells that are not needed for reproduction.
However, in some cases, certain germ cells may not
undergo the normal maturation process and remain in
an immature state. These immature germ cells can
continue to express embryonic markers such as
octamer-binding transcription factor 3/4 (OCT3/4)
encoded by POUSF1; stem cell factor (SCF), also
known as c-KIT ligand (encoded by KITLG); and
placental alkaline phosphatase (PLAP). These cells
are susceptible to developing into cancerous lesions,
starting as pre-invasive lesions (gonado-blastoma) or
as precursors to invasive GGCT (dysgerminoma)
(Figure 10).
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DSD patients who have Y chromosome material in
their gonadal karyotype are at risk of GGCTs
regardless of the degree of testicular differentiation. Y
chromosome material associated with gonadal tumors
is GBY locus which is around the centromere of the Y
chromosome and includes the gene for “testis-specific
protein on the Y chromosome™ (TSPY, located in
Yp11.2). Other potentially related genes are SRY and
DYZ3.

The risk of developing gonadal tumors in gonadal
dysgenesis may also vary according to the underlying
molecular etiology. Patients with genetic defects that
lead to early blockage of gonadal development such
as mutation or deletions of SRY or WT1 have a higher
risk. The risk of developing gonadal tumors ranges
from 40% to 60% in gonadal dysgenesis due to WT1
gene mutations (Frasier syndrome and Denys-Drash
syndrome). Early bilateral gonadectomy is therefore
recommended. Similarly, early bilateral gonadectomy
is recommended in patients with complete or partial
gonadal dysgenesis due to SRY gene mutations due
to the 20% to 52.5% risk of gonadal tumor
development. Gonadal dysgenesis due to MAP3K1
gene mutations is another indication for early
gonadectomy (127). Gonadal tumor risk is also
present, though somewhat Ilower in gonadal
dysgenesis due to 45,X0/46,XY mosaicism. The exact
time of malignancy development and the prevalence
of tumors in other molecular etiologies require further
research for a comprehensive understanding.

Histologically the risk of gonadal tumor development
increases with gonadal immaturity. Fully developed
gonads such as the testes, ovary or ovotestis have
lower risk of malignancy than streak or dysgenetic
testes (Figure 10). In ovo-testicular DSD, the risk of

germ cell tumors is low (3%) (1). Newborns with PAIS
are at high risk (50%) for developing gonadal tumors,
and Dbilateral orchiopexy or gonadectomy is
recommended at the time of diagnosis, if the testes are
located in the abdomen (1, 128).

The risk of developing germ cell malignancy in
newborns with CYP11A1, HSD3B2 or CYP17A1
deficiency is unknown. Newborns with 17-ketosteroid
reductase deficiency have a fairly low risk for
malignancy (1). Tumor risk in newborns with Leydig
cell hypoplasia is wunclear, and thus the
recommendation for gonadectomy is not well
established (1, 25, 129, 130).

Overall, it remains challenging to predict the personal
risk of gonadal neoplasia (mostly GGCT) for a DSD
individual, because it depends on many other factors
besides genetics. Stimulating gonadotropins and
gonadal hormones during mini-puberty and after
puberty onset are also regarded as risk factors
increasing gonadal tumor risk in patients with DSD.
Similarly, gonads located intra-abdominal carry a
higher tumor risk. The management of gonadal tumor
risk in individuals with DSD is a complex issue that
requires careful consideration and a personalized
approach, taking into account the specific DSD
subtype, genetic factors, and patient preferences.
Regular monitoring and discussions with a healthcare
team experienced in DSD management are essential
to make informed decisions about gonadectomy. If
gonads are located in the scrotum, then periodic
examination of the testes may be advised as an
alternative to gonadectomy, while an intra-abdominal
gonad at risk may only be monitored by imaging
methods such as ultrasound or MRI.
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Germ cell tumor risk

Gonadal differentiation

| Decreased risk of malignancy >

Testicular differentiation

Ovotestis

Ovarian differentiation

I Decreased risk of malignancy>

Complete Partial
dysgenesis dysgenesis

Decreased risk of malignancy>

Streak Hypoplastic
ovary ovary

Ovary

Histopathology

| Decreased risk of malighancy >

o Surviving germ cells
o Atypical germ cells

o OCT3/4 staining (+)
o TSPY staining (+)

o ¢-KITL staining (+)

No germ cell

Typical germ cells (delayed maturation)
0OCT3/4 staining (-)

TSPY staining (-)

¢-KITL staining (-)

o O O O O

Clinical

| Decreased risk of malignancy >

o Pubertal age and older
o Abdominal testis

o Prepubertal age and younger
o Inguinal/scrotal testis

Figure 10. Risk of malignancy development in the DSD gonad.
Abbreviations: (OCT3/4); Octamer-binding transcription factor 3/4, TSPY; testis-specific protein on the
Y chromosome, c-KITL; c-KIT ligand also called stem cell factor (SCF).

SEX REGISTRATION OF A NEWBORN

Assigning or registering the sex of a newborn with
atypical external genitalia is a complex and important
decision that requires careful consideration,
consultation, and a patient-centered approach. The
parents and DSD network team should not rush but
take the time needed to come to a consensus in the
best interest of the child in its environment. Not
knowing whether the newborn is a girl or boy causes
mostly a lot of distress and one is tempted to call it an
emergency, but if there are no medical reasons to

make it an emergency (like e.g., suspected adrenal
insufficiency or additional organ anomalies), it is
important to declare it accordingly and inform that the
newborn is not at risk and actually does not care
whether it is a male or female or intersex person at this
moment. Thus, the stress of ambiguity of the newborn
is actually at this moment “only” an issue of the parents
and the care team who mostly wish to know ASAP
whether the child can be assigned/registered a
“correct” sex that might also fit later in life.
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To consider sex registration, not only is it important to
take into account the underlying cause and knowledge
on the possible outcome of the specific, often unique
condition, but also the family, cultural, and societal
preconditions and aspects. Most societies have a
binary sex registration obligation by legislation, but
some societies have more recently introduced a third
sex category besides male and female. Although this
seems to make things easier, it has been discussed
that such categorization in a third or other or
unclassified group might also stigmatize a person in a
society that is mostly binary. Thus, in real life practice,
there is rumor that a third sex category is rarely chosen
for a newborn with ambiguous genitalia by the parents
and the DSD team. Overall, a personalized approach
for every newborn with ambiguous genitalia involving
the parents and the DSD network team is
recommended following the shared-decision-making
process (12, 13).

Most important is that the team around the newborn
with ambiguous genitalia works together in the best
interest of the child with the latest knowledge of the
literature and expertise when taking the decision of
sex registration, and still remains humble and open
minded for the child’s future that may follow a different
path leading to sex reassignment later in life.
Therefore, continuous support of the family and the
child by a DSD psychologist is extremely helpful to
recognize early signs of gender dysphoria, inform the
child about the condition in an age-appropriate
manner and follow its will, if case sex reassignment is
desired.

Generally, people believe that the sex chromosomes
indicate a person’s “true sex” and laws exist
supporting this idea, to the detriment of some
individuals affected by DSD (131). Scientifically
speaking, it is clear that the majority of genes on the X
chromosome do not influence sex development and
differentiation, although the AR gene is necessary for
phenotypic masculinization. Concerning the Y
chromosome, only the SRY gene contributes to
testicular formation. In fact, most of the genes required

for sex development and differentiation are found on
the autosomes (1). Therefore, chromosomes do not
dictate the sex of rearing in newborns affected by a
DSD and are only one piece of a big puzzle (Figure 3).

Although there is no overall recommendation for sex
registration at birth for a child with ambiguous
genitalia, some helpful information is available from
larger patients’ cohorts with a specific DSD diagnosis
in the literature.

Newborns presenting with 46,XY chromosomes and
female external genitalia at birth (thus actually not with
ambiguous genitalia) due to complete androgen
insensitivity syndromes (CAIS), complete gonadal
dysgenesis (Swyer syndrome), or other complete loss
of testosterone biosynthesis live successfully when
assigned a female sex of rearing. Female assignment
in such cases is widely accepted by patients
throughout their lives despite challenges that they may
experience regarding sexual dysfunction and infertility
(1, 132-134).

For newborns with ambiguous genitalia affected by
partial gonadal dysgenesis, no general
recommendation can be made. Fewer procedures
were historically required for surgical feminization
compared to surgical masculinization of the genitalia.
However, the functional outcome in individuals who
received feminizing or masculinizing procedures is
less than optimal (135, 136). Additionally, rates of
satisfaction with sex of rearing are similar for affected
individuals whether raised male or female (1, 20, 137).
Thus, the decision should not be made on the basis of
“surgical possibilities”, and overall, such surgical
procedures should be executed with reservation.
Clearly, further studies are needed to elucidate why
some individuals with partial gonadal dysgenesis
experience gender dysphoria, while others do not.

Likewise, no general recommendation can be made
for patients with ambiguous genitalia due to a partial
androgen biosynthesis defect, (e.g., partial 3HSD2,
CYP17A1, POR, StAR, CYP11A1 deficiencies). But
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some studies suggest that the degree of
masculinization of the external genitalia may reflect
the degree of virilization of the brain and thus the
gender preference of this person (138). This might be
true for 46,XY newborns with ambiguous genitalia that
are manifesting with severe hypospadias, but not
without exceptions. For patients with variants in the
SRD5A2 or HSD17B3 genes recognized with
ambiguous genitalia at birth (or even missed because
manifesting with a female-typical external genitalia),
there is quite a strong body of data recommending
male sex registration at birth as this is the preferred
sex of these persons when asked in later life (139,
140). Normal virilization at puberty, coupled with intact
fertility potential, are strong factors for this
recommendation at birth. If registered as female at
birth and diagnosed later, gender dysphoria and
desire of sex reassignment later in life is very likely.

Similar to partial gonadal dysgenesis, consensus
regarding an optimal sex of registration for newborns
affected by PAIS does not exist. Although earlier data
showed that fewer procedures were usually required
for surgical feminization, compared to surgical
masculinization, in a person with ambiguous external
genitalia in the past, when larger series of genital
surgery were analyzed, it is unclear if the functional
outcome was better among newborns who received
feminizing procedures compared to those who
received masculinizing procedures. Rates of
satisfaction with sex of rearing are similar for
individuals with PAIS raised female or male (132,
141). While reports exist of impaired sexual function in
people with PAIS raised male, it is highly suspected
that sexual functional outcomes in affected people
raised female are similarly poor (137). Reports of
sexual satisfaction for people with PAIS who have not
received genitoplasty in infancy, or at a later age, are
limited. However, more information on outcome of
newborns with ambiguous genitalia who had no
genital surgery, at least not in infancy and childhood,
will hopefully soon be added to the medical literature
as current developments recommend abstaining from
genital surgery.

By contrast, in 46,XX newborns with ambiguous
genitalia due to CAH, it is generally recommended to
register them a priori in the female sex, even if they
are severely virilized (142-144). Masculinization due to
21-hydroxylase deficiency does not impair the
development of the ovaries or the Mullerian ducts and
thus fertility potential. Limited information is available
about the medical and psychosexual outcome of
46,XX newborns affected by 21-hydroxylase
deficiency and raised male (145, 146), although these
patients do tend to have an increased risk of gender
dysphoria compared to their female counterparts
(147). Thus, a female sex of rearing is typically the
decision for 46,XX newborns affected by 21-
hydroxylase deficiency (145). Female sex of rearing in
46,XX newborns with ambiguous genitalia is also
recommended for conditions resulting from maternal
overexposure to androgens and placental aromatase
deficiency.

FINAL REMARKS TO OVERALL MANAGEMENT

Only recently has the understanding of, and reaction
to, having a child with ambiguous genitalia received
systematic study. For some parents and caregivers,
feelings of isolation and concern over what the future
may hold for their affected child in terms of
stigmatization and sexual dysfunction are paramount
(148). One potential approach to ameliorate this issue
is to provide information and management options to
the family early in pregnancy or as soon as the child is
born. Guidance by a DSD network team is therefore
extremely important.

Some research has been done to examine the effects
of prenatal diagnosis and treatment. In females with
21-hydroxylase deficiency CAH, one of the most
common causes of ambiguous  genitalia,
dexamethasone treatment of the pregnant mother has
been reported to reduce virilization of an affected
female fetus by 80-85% (149), but this approach is no
longer offered or recommended in guidelines because
of potential adverse effects of dexamethasone on the
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developing fetus. Before the discovery of methods to
measure fetal DNA in maternal blood, which enabled
specific diagnosis of sex and whether the fetus
inherited and was affected by the mutation,
controversies existed because 7 unaffected fetuses
would be treated unnecessarily (1:4 chance of
inherited mutation and 1:2 chance of male vs female),
So, on the one hand 7 unaffected fetuses and the
mother would be exposed to an unnecessary drug,
while on the other hand, even in affected fetuses long-
term outcome showed adverse effects on
neurocognitive parameters (150). Today, noninvasive
prenatal diagnosis using massive parallel sequencing
of cell-free fetal DNA can be used to determine a
specific diagnosis, such as CAH, as early as 6 weeks
of gestation (149, 151). Even preimplantation
diagnostics is available (152). These techniques could
be used to look at other autosomal dominant or X-
linked conditions that cause ambiguous genitalia,
especially when the fetus is known to be at risk (151).
Further studies need to be done on this subject, but for
families who already have an affected child or know
that they are carriers, this may be an option that needs
to be discussed with a DSD geneticist.

Patients for whom prenatal diagnosis and/or treatment
is not an option, prognosis and management has
improved significantly over time, but many open
questions and controversies still exist. Our studies of

parents of children with DSD reveal that the
appearance of atypical genitalia can result in
significant stress and maladaptive parenting

strategies. For example, mothers of children with
ambiguous genitalia experience greater stress if their
child has not received “corrective” genital surgery
(153) and some parents believe such surgeries
eliminate stigmatization that may arise due to their
child’s ambiguous genitalia However, as their children
mature past infancy, some parents realize that their
child’s DSD has not been ameliorated by genitoplasty,
and concerns for their son or daughter resurface
(148). To illustrate, among parents studied by our
group, caregivers of adolescents with DSD
experienced increased stress as their child matured

despite the fact that many had received earlier surgery
(154). Additionally, parents of children reared male
reported the most perceived child vulnerability for their
sons (155),and their reported levels of depression
were directly associated with more atypical genital
appearance for their sons (156). Overall, parents
report that while early genitoplasty seems to “fix” some
of their concerns for their child with DSD, this “fix” is
not long-lasting. Instead, what needs to be
emphasized to families is how to support their child
who is different, but not damaged. Family centered,
interdisciplinary care, with open and clear
communication between patients, parents, and
caregivers has been shown to be essential for optimal
quality of life (157). In addition, networks of families
who have the personal experience of parenting
children with ambiguous genitalia can be an invaluable
resource  (158). Reservation towards early
interventions needs to be considered,keeping in mind
to preserve the personal right of the child to take
his/her own decision towards body integrity. Any
intervention that can be delayed without harming the
newborn with ambiguous genitalia should be
postponed until personal consent can be given.
Finally, referring parents to support groups and
introducing them to other caregivers of children born
with ambiguous genitalia is extremely important to
optimize parents’ understanding and acceptance of
their child’s condition. With increased understanding
and acceptance, optimal growth and development for
children born with ambiguous genitalia may be
obtained.

In conclusion, this Chapter give some insight into the
current diagnostic evaluation and care of the newborn
with  ambiguous genitalia. We underscore the
importance of a multidisciplinary and compassionate
approach to the care of newborns with ambiguous
genitalia, acknowledging the complex medical,
psychological, and emotional aspects involved in such
cases. We highlight the critical role of specialized
teams and support in ensuring the well-being of both
the child and his/her family.
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