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Abstract

Klinefelter syndrome (KS) is caused by the presence of a supernumerary X chromosome (conferring the classical 47,XXY karyotype) and is the
most common sex chromosome abnormality in men. The clinical features described in the early characterization of the syndrome include tall
stature, small testes, hypogonadism, gynecomastia, and neurodevelopmental deficits. However, the syndrome presents a broad phenotypic
spectrum that seems to be evolving, along with environmental and general health changes. Although a proportion of men with KS are
asymptomatic, others experience numerous severe comorbidities, ranging from cardiovascular to autoimmune disorders. Once considered a
hallmark of the syndrome, the inability to conceive can now be overcome with assisted reproductive technology. The neuropsychological
stigmata, once overstated, thereafter inadvertently dismissed, now demand a more balanced and objective approach. Significant advances
have been made in our understanding of KS over recent years, including the molecular machinery involved in the chromosomal disjunction
that gives rise to the syndrome. Our understanding of the risk-benefit of testosterone replacement therapy has greatly improved; however,
many gaps persist. Future work should be prioritized according to the needs of people with KS. There are opportunities for new research
addressing the fields of fertility, cardiovascular prevention, neurodevelopment, quality of life, and bone health. Above all, solid registries and
extensive prospective longitudinal studies are needed to enroll people with KS to determine their evolving needs as they progress through
their lifespan. These studies would be best initiated with international collaboration to ensure the results apply to all those with this condition
worldwide.
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ESSENTIAL POINTS

¢ Klinefelter syndrome is a heterogeneous condition
that can lead to several comorbidities throughout
the lifespan, acting as a potent modifier of other indi-
vidual and environmental risk factors.

e New opportunities for improving fertility and the
general health outcomes in boys and men with KS
are rapidly developing.

e Research gaps include better phenotyping, risk strati-
fication, and understanding of the mechanisms sus-
taining the variability in the presentation of the
syndrome.

e International research collaborations are needed to
define the management of comorbidities, including
the optimal timing and use of testosterone therapy.

Introduction to Klinefelter Syndrome

Klinefelter syndrome (KS) is caused by the presence of a super-
numerary X chromosome (conferring the classical 47,XXY
karyotype) and is the most common sex chromosome
abnormality in men, with a prevalence of approximately
103/100 000 men (1). The clinical features first described by
Klinefelter and colleagues in 1942 included tall stature, small
testes, gynecomastia, long arms (a variable degree of eunu-
choidism), infertility, and neurodevelopmental deficits (2).
However, we now know there is a much broader phenotypic
spectrum, which may explain why up to 50% to 75% of
men with KS never receive the diagnosis (3, 4). For reasons
that are only partially understood, some men with KS may ap-
pear largely asymptomatic, and others experience several co-
morbidities. Some patients with KS are identified due to
more severe symptoms (eg, psychosocial, endocrinological,
or cancer), while others, exhibiting a milder phenotype, are di-
agnosed during fertility evaluations. Consequently, research
on KS is susceptible to ascertainment bias, and most studies
must be understood within the context of this inherent bias
risk.

Often, in teaching sessions about KS, the original
black-and-white pictures are used to describe the condition;
Fig. 1 shows recent photographs of the phenotypic variability
characterizing adolescent and adult subjects with KS, high-
lighting differences in anthropometric measures, body fat dis-
tribution, gynecomastia, and genital appearance.

In the past, KS has been associated with tetrasomies and
pentasomies of sex chromosomes with male phenotype, now
termed high-grade aneuploidies (HGA), for example 48,
XXYY, 48,XXXY, 49,XXXXY, etc (5-9). However, HGAs

are exceedingly rare conditions, with a prevalence ranging
from 1/18 000 to 1/100 000 or less (10). Even though patients
with HGA share some of the features of KS, such as testicular
dysfunction, they display additional specific facial features
(such as hypertelorism with epicanthal folds, cubitus varus,
clubfoot, pes planus, clinodactyly, and dental problems) and
multiple musculoskeletal abnormalities (from radio-ulnar
synostosis to scoliosis, hypotonic musculature, and tremors),
as well as cardiac and renal congenital malformations
(11-14). Severe cognitive and behavioral dysfunction and
neurologic complications are also extremely frequent in
people with HGA. Specifically with regard to testicular dys-
function, this may manifest at birth as impaired genital devel-
opment, with micropenis and/or cryptorchidism, and gonadal
damage may otherwise become apparent by pubertal age with
pubertal arrest or, more frequently, delayed pubertal onset
(15, 16). Testicular histology in people with HGAs frequently
shows a more severe and diffuse condition of hyalinization
and fibrosis of seminiferous tubules, loss of germ cells, and
Leydig cells hyperplasia compared to classic KS (5, 17, 18).
A worse clinical, hormonal, and metabolic phenotype is also
typically apparent, and appears to be directly linked to a gene-
dosage effect of the number of supernumerary X chromo-
somes (15). This review will focus on the nonmosaic 47,
XXY KS, unless stated otherwise.

In recent years, interest in KS has grown substantially, with
a 2.6-fold increase in related publications from 2000 to 2022
(60 vs 156 publications per year recorded on PubMed).
Despite the interest, however, significant gaps remain in the
overall understanding of KS, including mechanisms of compli-
cations, success of fertility preservation and assessment of
quality of life (QoL) in affected individuals. This translates
into differences in standards of care for children and men
with this condition, with substantial variability in clinical
practice among countries. In 2021, the European Academy
of Andrology published international guidelines on the cur-
rent standards of care for men with KS, endorsed by the
European Society of Endocrinology (19), but the lack of high-
grade evidence left several recommendations unsupported. As
such, it is time to reconsider the current gaps and identify the
research trajectories to prioritize in order to improve our cur-
rent approach.

Current Evidence and Gaps in the Field
of Genetics

XY Chromosomes Nondisjunction

KS arises from nondisjunction of the sex chromosomes, either
paternal, occurring during the first meiotic division, or mater-
nal, in the first or second meiotic division (20, 21). Different
from whole-chromosome aneuploidies of the autosomes, sex-
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Figure 1. Phenotypic variability in anthropometry, body fat distribution, gynecomastia, and genital appearance in 12 adolescent and adult patients
affected by 47,XXY KS. Panel A, Age 11.4 years, h 173.9 cm (+3.6 SDS), w 89.8 kg (+3.0 SDS), BMI 29.7 kg/m? (+2.2 SDS). Panel B, Age 15.7 years, h
167.2 cm (0.8 SDS), w 58.4 kg (0.6 SDS), BMI 20.9 kg/m? (0.2 SDS). Panel C, Age 17.8 years, 183.0 cm (+1.1 SDS), w 68.5 kg (=0.1 SDS), BMI
20.0 kg/m? (0.8 SDS). Panel D, Age 36 years, h 182.0 cm (+1.0 SDS), w 88.0 kg (+1.6 SDS), BMI 26.6 kg/m? (+1.3 SDS). Column labeled by E shows
gynecomastia of varying severity, from absent to significant. Columns F and G show frontal and side views of external genitalia appearance, with reduced
testicular volume, varying degree of pubic hair growth and the occasional finding of micropenis. Abbreviations: BMI, body mass index; h, height; KS,
Klinefelter syndrome; SDS, standard deviation scores; w, weight. Note: Pictures acquired with prior written informed consent by the subjects (and the

respective parents) for scientific medical use.

chromosome aneuploidies are frequently of paternal origin
(22). In approximately 50% of KS subjects the supernumerary
X chromosome is of paternal origin, and originates from a de-
fective crossing-over (CO) between the X and Y chromosomes
(20, 21, 23-28), preventing proper disjunction and segrega-
tion in daughter cells. Advanced maternal and possibly pater-
nal age has been reported as a risk factor for KS (29, 30).

Although XY nondisjunction can be a stochastic event (31),
sex-chromosome aneuploidy is more frequently reported in
fathers of KS children compared to the general population
(26, 32-34). Furthermore, although azoospermia is typically
encountered in people with KS due to meiotic failure of aneu-
ploid germ cells (35), spermatogenetic foci can be observed in
the testes of some men with KS, showing a high frequency of
sperm XY aneuploidy (36).

This evidence suggests a potential genetic predisposition to
sex-chromosome nondisjunction. This could lead to a higher
probability of fathering children with KS, possibly involving al-
tered function of meiotic recombination genes. During meiosis,
parental homologs recombine, allowing the shuffling of

genome content and their alignment in the nucleus, and then
synapse to form COs, required for chromosome segregation
(37), allowing proper attachment of microtubules of the meiot-
ic spindle to kinetochores (38). Recombination is initiated by
the formation of a programmed wave of double-strand breaks
(DSBs), which are then processed by DNA recombination fac-
tors assembling onto chromosome axes. A small subset of DSBs
are then selected to become COs (39). Whereas autosomes rare-
ly suffer from a lack of COs formation, as multiple DSBs are
generated along their entire length (40), on the other hand,
XY recombination is more complex since the 2 chromosomes
are nonhomologous for most of their length and DSBs must
form within a short region of homology: the pseudoautosomal
region (PAR). Here, recombination must occur at each meiosis
to form the so-called obligatory CO, which allows proper dis-
junction and segregation of XY in the daughter cells. In hu-
mans, XY nondisjunction in fathers with a KS progeny is
associated with a reduction in recombination between XY
(20,21,23-26, 36, 41). It is, therefore, expected that genetic al-
terations of genes involved in DSB formation and processing in
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the PAR could cause XY mis-segregation, increasing the risk of
aneuploid spermatozoa. This is indeed the case in mice, where
the proper interplay of both a and B splice isoforms of Spol1, a
type IV-A topoisomerase-like protein initiating DSBs forma-
tion, is required for appropriate XY recombination and synap-
sis, resulting otherwise in high rates of Y chromosome PAR
DSBs formation and XY recombination failure, as well as pro-
duction of sperm with sex chromosome aneuploidies (42). CO
designation/maturation in the PAR must occur under a much
more stringent control than in other chromosomes, as no
more than 2 DSBs form in this region (43). Thus, it is conceiv-
able that any variation in gene products involved in DSB forma-
tion and CO designation might primarily alter the formation of
the “obligatory” CO in the PAR. However, these processes are
neither dependent nor associated in KS with Y chromosome mi-
crodeletions, a common cause of spermatogenic defects (44).
Future studies will need to investigate genes involved in DSB
formation, those responsible for shaping the PAR structure,
those engaged in COs designation and maturation, as well as
those regarding the meiotic spindle assembly checkpoint.
Individuals with XY pairing defects often also produce aneu-
ploid sperm (20, 23, 25, 38, 45). For these reasons, spindle as-
sembly checkpoint genes are another pool of genes of interest in
the search for genetic causes of predisposition to XY aneu-
ploidy in spermatozoa. Lastly, we acknowledge how epigenetic
mechanisms might also contribute to XY nondisjunction, with
a potential transgenerational inheritance in the offspring of KS
men (46, 47).

X Chromosome Inactivation, Gene Escape and
Overdosage, CAG Repeat Length of the AR Gene,
and Parental Origin

X chromosome inactivation is a complex epigenetic process
that occurs early during development in cells harboring
more than 1 X chromosome. Thus, in 46,XX females, 1 of
the 2 X chromosomes is randomly silenced on a cell-to-cell ba-
sis, although approximately 15% to 30% of X-linked genes
escape inactivation and thereby contribute substantially to
sex differences (48). Genes that escape inactivation are located
throughout the entire X chromosome, but they predominate
in the PAR1 of the sex chromosomes. Genes in the PAR1
are generally not inactivated, and therefore, men with KS
have 3 active copies of these genes, which may explain some
of the phenotypic traits. One example is the short-stature
homeobox (SHOX) gene located in the PAR1 region. It plays
a particularly relevant role in the growth and maturation of
bones, and it has been shown to positively influence final
height in KS (49). Furthermore, it has been speculated that
overexpression of X-linked oncogenes may be responsible
for the development of specific cancers (eg, hematologic can-
cers) (50). Other PAR1 and non-PAR1 genes have been re-
ported to escape X inactivation in a model of induced
pluripotent stem cells (iPSCs) generated from KS (and HGA)
subjects, and their expression is directly related to the number
of XY chromosomes (51). Furthermore, transcription factors
have also been identified whose expression increases (ie,
NRF1, ZFX, and TCFL5) or decreases (ie, CUX1 and
CUX2) proportionally with X chromosome dosage (52).
Skewed X inactivation, defined as >80% inactivation of the
same copy of a gene, occurs in up to 50% of subjects with
KS (53, 54) and, as such, has been proposed to contribute to
the clinical phenotype of KS. Nevertheless, the evidence in
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this regard is weak, and most studies exclude an impact
of skewed X chromosome inactivation on the phenotype
(55-59). The parental origin of the supernumerary X chromo-
some (paternal vs maternal) has been suggested to impact the
clinical phenotype. However, studies are controversial; most re-
port no association (57, 59-61), whereas others report effects
on anthropometry, pubertal onset and neurodevelopment
(56, 62-64). The number of CAG repeats of the androgen re-
ceptor gene (AR) has also received attention, as they encode a
varying number of polyglutamine proteins (from 11 to 35)
that modify AR transactivation, thus determining androgen
sensitivity (65-67), although some authors found CAG repeats
to negatively correlate with some anthropometric measures,
gynecomastia, testicular volume and bone-related parameters,
other studies found no associations, also with regards to neuro-
development or neuropsychological symptoms, vascular sys-
tem, spermatogenesis, and QTc¢ length (57, 58, 60, 68-71).

On a final note, although the present review focuses on non-
mosaic 47,XXY KS, the role of mosaicism should be taken
into account as a relevant contributor to phenotypic variabil-
ity, as well as missed diagnoses. Specifically, subjects with
(recognized) mosaic KS tend to present with a “more favor-
able” phenotype when compared with nonmosaic individuals,
which may include larger testicular volumes, a lower preva-
lence and degree of hypogonadism, and a higher prevalence
of sperm retrieval in semen analyses (72-74). On the other
hand, it should be acknowledged how the notion of “pure”
KS has been challenged by the evidence that men diagnosed
with “pure” 47,XXY on standard karyotype analysis can re-
veal a significant degree of tissue mosaicism, a condition
known as hidden mosaicism; in this phenomenon, which
can be unveiled by an extended fluorescence in situ hybridiza-
tion (FISH) evaluation of circulating lymphocytes (up to n=
500), epithelial cells from the buccal mucosa, and testicular
tissue, revealing a 46,XY mosaicism rate up to ~40% among
germ cells and Sertoli cells (735).

Omics—Genomics, Proteomics, Transcriptomics,
Methylomics

The most recent genome-wide methylome and transcriptome
analyses allowed the identification of alterations not only in
the sex chromosomes but also in autosomal genes (76-80).
Skakkebak et al performed genome-wide DNA methylation
profiling of leukocytes from 67 patients with KS and showed
that the methylome and the transcriptome of both autosomes
and the X chromosome are altered and that the profile is
unique compared to both 46,XY and 46,XX individuals
(76). Interestingly, the authors found a deregulation of neuron
development, the immune system and Wnt-signaling. The lat-
ter has been linked to the development of cancer, malforma-
tions, bone density, diabetes, vascular disease, and cognitive
deficits (76). Some of the characteristics of KS may be ex-
plained directly by an imbalance in genes on the sex chromo-
somes, but indeed, epigenetic factors which go far beyond the
simple sex chromosomal gene-dosage theory have also been
shown to play a role (81). Since epigenetic control has been
linked to environmental conditioning, it is likely that where
and how a person with KS is conceived and grows up has a sig-
nificant impact in mitigating or exacerbating some features of
the syndrome.

In summary, genome-wide alterations suggest that some
candidate genes may explain the phenotypic variability
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associated with KS; the altered dosage of genes disturbs gen-
omic functions, potentially increasing the vulnerability to dis-
eases, and epigenetics may be involved in the heterogeneous
penetrance of some clinical features. However, the number
of studies and, most importantly, the number of patients en-
rolled in these studies remains far too low. Harmonization
in the methods and validation of external cohorts should be
pursued, ideally involving an international consortium.
Novel approaches include the investigation of circular
RNAs, a group of noncoding RNAs regulating gene expres-
sion, which are differentially expressed among different tis-
sues and might explain phenotype heterogeneity in sex
chromosome aneuploidies comprising KS (82).

Current Evidence and Gaps in the Field
of Endocrinology

Gonadal Function

One of the hallmarks of KS is progressive testicular failure
with hypergonadotropic hypogonadism and infertility in
adulthood. The degeneration of the testes has been shown to
start in utero with a subtle reduction in the number of germ
cells while retaining normal Leydig and Sertoli cells (83, 84).
At the time of puberty, the degeneration accelerates with pro-
gressive loss of germ cells, hyalinization of the tubules, and
Leydig cell hyperplasia (85), resulting in the classical histo-
logical description of the adult testis with extensive tubular
hyalinization, Leydig cell hyperplasia within large nodules,
and a heterogeneous pattern with Sertoli cell-only tubules,
and in some patients few tubules with spermatogenesis (83).

Mini-puberty

Only a few studies of the function of the hypothalamic-
pituitary-gonadal (HPG) axis in infants with KS exist, and
the results are contradictory. The HPG axis is transiently acti-
vated during the first months of postnatal life in the so-called
mini-puberty. In typically developing boys this activation
starts with an early postnatal surge of luteinizing hormone
(LH) and follicle-stimulating hormone (FSH), followed by
an increase in serum concentrations of testosterone (T) and
insulin-like factor 3 (INSL3) with peaks at 1 month of age, fur-
ther followed by increases in serum concentrations of inhibin
B and anti-Millerian hormone (AMH) peaking around 4
months of age (86). Then, a relatively quiescent period fol-
lows, lasting throughout childhood until the reactivation of
the HPG axis in puberty. Mini-puberty is therefore considered
a “window of opportunity” for the evaluation of the HPG
axis, and it has been shown that serum T in typically devel-
oped boys during mini-puberty correlates with adult total
sperm count (87); however, no studies on the correlation be-
tween hormone concentrations in mini-puberty and adult re-
productive health in KS have been conducted so far.

In KS, T concentration during mini-puberty has been
reported, ranging from low (88-91) to high-normal (92, 93)
values compared to controls. In the most extensive study per-
formed on infants with KS aged 17 to 152 days, T concentra-
tion measured by liquid chromatography/tandem mass
spectrometry (LC-MS/MS) was significantly lower than con-
trols, albeit with values still falling in the low-normal refer-
ence range (90, 91). INSL3 and LH were reported as normal
for the age range, whereas FSH concentrations were signifi-
cantly elevated despite normal inhibin B and AMH (90).
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Other studies have shown elevated LH and FSH despite high-
normal concentrations of T and inhibin B (92, 93), which may
indicate that infants with KS already exhibit some degree of
compensated testicular impairment even at this early age.
However, discrepancies in sample collection, storage, size,
and characteristics, and more importantly, assay methods
do not allow for drawing definitive conclusions.

Childhood

During childhood, and prior to pubertal age, KS is usually
clinically silent, and the number of diagnoses is accordingly
very scarce (3). Indeed, although some features may appear
suspicious to the experienced clinician, such as tall stature,
an increase in the fat/lean mass ratio, and mild speech, learn-
ing, behavioral, social and/or psychological difficulties, these
are variable, nonspecific and typically go undiagnosed or
may be inadvertently overlooked by the parents, teachers,
and/or pediatricians of these children (19, 73).

The early studies on the HPG axis of prepubertal boys with
KS described normal concentrations of T, INSL3, inhibin B,
AMH, LH, and FSH, consistent with a similar axis pausing be-
tween affected and unaffected boys (see review (94)).
However, hormone assays were less sensitive at that time,
and the T levels were often below the detection limits. More
recent studies suggest Leydig cell function can be found im-
paired even before puberty. Some studies reported reduced se-
rum T concentrations (61, 95), but others found no difference
(93, 95). Surprisingly, the 2 studies reporting a low T level
found the LH concentrations normal (61) or paradoxically
in the low-normal range (95). The concentrations of AMH, in-
hibin B, and FSH also differed between the studies. In the
study by Spaziani et al, 145 boys with KS aged 0 to 12 years
were divided into 3 groups according to age (93, 95). The in-
vestigators found elevated AMH and inhibin B but normal
FSH in boys aged 6 months to 8 years, whereas, in 8- to
12-year-old prepubertal boys, none of the hormones differed
from the controls (93, 95), whereas others found normal con-
centrations of serum AMH and no correlation between AMH
and inhibin B, T, estradiol, LH, or FSH in prepubertal boys
after the mini-puberty (96). By contrast, Davis et al found ele-
vated AMH and FSH but normal inhibin B in boys aged 4 to
9.5 years (95), and Zeger et al found normal AMH, inhibin B,
and FSH in all boys younger than 10 years (61). The finding of
elevated AMH is of particular interest. It has been interpreted
differently by the authors to indicate either higher sensitivity
to FSH levels (increasing AMH secretion), or rather lower
sensitivity of Sertoli cells to T (which is known to induce their
differentiation) (93, 95, 97). The former proposal appears to
be substantiated by the finding of a high correlation between
inhibin B and AMH concentrations (93, 95). Alternatively,
reduced intratesticular T concentrations have been hypothe-
sized in early-pubertal KS boys, possibly persisting through-
out pubertal development, which may determine a
somewhat “slower” Sertoli cell differentiation, and thus a
slower decline of AMH concentrations in this age stage. In
the study by Aksglaede et al, the pubertal decline in AMH
was postponed, which could indicate that boys with KS enter
puberty later than expected (96). However, this was clinically
not the case, and it was speculated that, since AMH is nega-
tively regulated by T from the time of puberty, insufficient an-
drogen action could also be an explanation for this delayed
decline in AMH (98, 99).
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Interestingly, in the studies showing reduced serum T con-
centrations, the boys presented significantly reduced penile
length and testicular volume compared to controls (61, 95).
By contrast, no such difference was found in the study show-
ing normal T (93). The latter finding corroborates the hypoth-
esis that in some boys compensatory mechanisms mitigated
the effect of the supernumerary X, or, conversely, additional
factors (epigenetic, autosomal and/or environmental in na-
ture) aggravate its impact.

Puberty and transition age

In a recent semi-longitudinal study, including a detailed evalu-
ation of 155 boys with 47,XXY KS during childhood, adoles-
cence, transition age (defined as the period between
completion of pubertal development and linear growth, and
young adulthood, eg, 25 years of age (100)) and adulthood,
the authors showed that testicular development progresses un-
til Tanner stage 4, accompanied by increasing ultrasono-
graphic testicular volume and rising serum concentrations of
LH, FSH, and calculated free (cf)T (101). After that, Sertoli
and Leydig cell functions become evidently altered, as docu-
mented by decreasing inhibin B/FSH and T/LH ratios. This
progresses into pathologically high FSH and LH concentra-
tions, a sharp decline in inhibin B, and a regression in testicu-
lar volume that accompanies qualitative (ie, hypoechoic
lesions, microlithiasis) and quantitative (reduced echogenic-
ity, inhomogeneity) changes at ultrasonographic examination
(101). Specifically with regard to increased gonadotropin lev-
els, these have been proposed as a guide for optimal timing of
T replacement therapy (TRT) start in adolescents with KS
when LH is >2 SD scores (SDS) according to age-related refer-
ences, and may possibly also identify pubertal boys who
should be tested for KS (19, 102). In childhood, inhibin B re-
flects the function of the Sertoli cells, whereas during puberty
it becomes a marker of spermatogenesis, as the production of
inhibin B is dependent on the presence of germ cells (103). A
progressive decline in Sertoli cell function is also documented
by AMH levels, normal until puberty, thereby declining to
subnormal concentrations (96) approximating the peripuber-
tal stage, paralleling the progressive seminiferous tubule
hyalinization (104, 105). These results are consistent with
previous findings placing the early detectability of gonadal
failure at the peri-pubertal stage (88-90, 92, 103, 106, 107).
However, data regarding the timing of pubertal onset are
few and hardly comparable. A recent large study of 72 boys
with KS seems to suggest no delay in progression to G2 com-
pared to controls (106).

During transition age, FSH and LH concentrations plateau,
and maximum concentrations of T and ¢fT can be observed.
The T/LH ratio continues to decline (mostly due to a progres-
sive increase in LH), indicating progressive Leydig cell dys-
function, whereas inhibin B continues declining toward
nearly undetectable levels, indicating progressive Sertoli and
germ cells impairment, accompanying the dramatic acceler-
ation of seminiferous tubule degeneration in this stage (101,
103). Testicular volume, echogenicity, and echotexture re-
main relatively stable compared to the end of puberty.
Nonetheless, the number of subjects with hypoechoic lesions
and microlithiasis increases significantly; these are 2 signifi-
cant predictors of worsening testicular function (101).
Hypoechoic lesions in KS typically represent foci of Leydig
cell hyperplasia (or Leydig micronodules) (108). Their
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formation mechanism is unknown; one hypothesis is that per-
sistent high LH causes Leydig cell hyperstimulation (109).

Adulthood

Hypergonadotropic hypogonadism is typically present in vir-
tually all adult males with KS. However, many subjects show
total T levels falling within the reference ranges, albeit invari-
ably associated with high LH concentrations. This condition
is defined as subclinical or compensated hypogonadism
(110, 111). During adulthood, testicular volume further re-
gresses, accompanied by worsening echotexture and an in-
crease in the prevalence of microlithiasis and hypoechoic
lesions (101). T and cfT levels tend to decline after plateauing
during transition age, with further worsening of the T/LH ra-
tio and no other change in HPG axis hormones (101). As such,
the prevalence of overt hypogonadism increases with patient
age and has been reported to approximate between 50%
and 63% to 70% after the age of 30 years (as defined by T lev-
els <10.4 or <12.0 nmol/L, respectively) (72, 112, 113).

A microvascular explanation has been recently proposed
for the development of hypogonadism in KS, stemming from
a mouse KS model in which increased intratesticular T con-
centrations were found despite low serum T levels. The hy-
pothesis of T entrapment in the mouse KS model was
supported by the observation of a reduced testicular vascular
bed and a defective T release in the bloodstream (114). These
mouse alterations are progressively associated with reduced
testicular perfusion dynamics, assessed by contrast-enhanced
ultrasonography (115). A recent study confirmed slower tes-
ticular perfusion kinetics in men with KS (eugonadal and
hypogonadal) compared to age-matched controls, which
were associated with lower circulating T levels (116).
Single-cell RNA sequencing of testicular cells from men with
KS revealed gene expression indicating enhanced capillary
endothelial cell activation, increased inflammatory crosstalk,
disorganized vessel maturation and endothelial cell barrier
permeability (117). In summary, a progressive vascular/in-
flammatory derangement in KS has been corroborated in dif-
ferent models and linked to advanced endocrine failure.
Future studies will need to elucidate better the sequence of
events, specifically whether the microvascular alterations in
the testes of KS can be halted or reversed.

Bone Health and Metabolism

As the natural history of men with KS leads to the development
of hypogonadism, implications on bone health and metabolism
are expected (118, 119). Indeed, all fractures and osteoporotic
fractures (hip, spine, and distal forearm) are more frequent in
KS (120-122), and bone mineral density (BMD) is reduced.
The prevalence of osteopenia (or low BMD) in adults with
KS ranges from 21% to 44% (71, 123-125), whereas osteopor-
osis is from 9% to 13% (71, 124).

The alterations in bone mineralization could result from a
suboptimal peak bone mass achievement, although studies
during childhood, adolescence and transition age are scarce
(125-127). A recent retrospective study on young individuals
(~6 to 21 years of age) described a lower-for-age BMD and,
more interestingly, a reduced bone mineral content adjusted
for bone area, indicating “light bones” (128). Conversely,
bone formation and resorption markers were not different
in 71 adults with KS vs healthy controls. Still, half of the
men with KS enrolled in the study were on TRT or had
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Figure 2. Bone-testicular-axis and the specific roles of osteocalcin and testosterone in the context of hypogonadism in subjects with KS.

Abbreviation: LH, luteinizing hormone. Solid lines represent established effects, dashed lines represent less significant effects, the red lines refer to novel reciprocal effects of testosterone

and osteocalcin.

previously received T (123). No clear relationship exists be-
tween T levels and BMD (123) or between BMD and fractures
(129), suggesting a multifactorial etiology. Interestingly, bone
quality was also investigated through high-resolution-peripheral
quantitative computed tomography (HR-pQCT), documenting
altered microarchitecture, impacting both cortical and trabecu-
lar bone and reducing bone strength (130, 131).

Aside from T, other contributing factors include lower
25-hydroxy-vitamin D levels (123, 132), unfavorable body
composition (123), reduced physical activity (133, 134), in-
creased incidence of trauma (121), coexisting comorbidities,
X chromosome inactivation and AR sensitivity (68). INSL3,
a Leydig cell function marker, has also received attention for
its role on osteoblasts and osteocytes exerted through
RXFP2 (135). INSL3 is not acutely regulated by the HPG
axis, but its concentrations are linked to Leydig cell number
(136), gradually declining with age (137). INSL3 induces
osteoblast proliferation and differentiation alongside the pro-
duction of osteonectin, osteocalcin (OCN), and bone alkaline
phosphatase (135) and reduces the release of sclerostin (138).
Thus, it appears to favor bone mineralization and the main-
tenance of bone mass (139). Although not significantly lower
in infants with KS (90), INSL3 concentrations plateau from
mid-puberty onward (140) and are reduced considerably in
adulthood (141-144). INSL3 levels in men with KS show a
positive correlation with total OCN, a negative association
with sclerostin, and none with BMD (144, 145). The role of
OCN is particularly relevant in consideration of the so-called
bone-testicular axis (146-148). The proposed mechanism is a
direct stimulatory role of OCN on Leydig cells, mediated by
the GPRC6A receptor, to promote proliferation during devel-
opment and testicular steroidogenesis (149), also able to
stimulate LHCGR expression and, thus, LH signaling in
Leydig cells (149). Furthermore, OCN has been shown to
cross the blood-brain barrier and bind the GPR158 receptor,

influencing central nervous system development and cognitive
functions and possibly acting at a pituitary level (150-153).
Human studies have mostly confirmed the presence of a re-
lationship between OCN and HPG axis hormones (T, estra-
diol, and LH concentrations) in various observational,
cross-sectional, longitudinal, and population studies in boys
and men from the general population (154-158). In a recent
paper evaluating the bone-testicular axis in a large cohort
(n=254) of subjects with KS, total OCN values were shown
to be significantly associated with gonadal status among
men with KS, being highest in eugonadal and lowest among
subjects undergoing TRT. Furthermore, after multiple adjust-
ments for age and body mass index (BMI), total OCN concen-
trations are directly associated with LH and FSH values,
indirectly with total and cfT, and decline after 3 months
from TRT start (159). These results point to a negative effect
of (exogenous) T on total OCN concentrations and highlight
how higher total OCN concentrations indicate a higher degree
of HPG stimulation and worse testicular function in men with
KS. Figure 2 summarizes the perturbations of the bone-
testicular axis in KS and the relationship to reduced T levels.
The hypergonadotropic state (high LH and high FSH) from
late puberty onward has also been claimed as a possible con-
tributor to the low bone mass of KS (139, 160). The evidence
first emerged in women, where BMD loss correlates with in-
creasing FSH years before estradiol drops (161, 162).
Subsequent in vitro and preclinical studies have shown that
FSH can act on osteoclasts via FSHR to promote bone resorp-
tion (163-165) and reduce osteoblast differentiation (166).
On the other hand, clinical studies show conflicting results,
supporting (167, 168) or disclaiming this mechanism (169).
The aspect is particularly relevant when considering routes
of TRT administration on bone. The transdermal route usual-
ly does not affect gonadotropin concentrations, as opposed to
T injections, especially the long-acting T undecanoate, which
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are more frequently associated with LH and FSH normaliza-
tion or suppression. A S-year retrospective study comparing
men with KS by TRT route of administration found no differ-
ences in hip and spine BMD between the transdermal and the
injection groups, despite the latter showing significantly low-
er, often suppressed, FSH concentrations (170); it should be
noted however, that approximately one-third of men changed
the route of administration during the observation period.

Even though reduced T in male hypogonadism usually re-
sults in reduced aromatization to estradiol (171), KS has
been traditionally described as a condition of relative hyperes-
trogenism (in relation with T) (172), and estrogens are critical
regulators of bone health in men, associated with both BMD
and fracture risk (173, 174). Unfortunately, very limited evi-
dence is available concerning the role of estradiol in KS
(175, 176), mainly due to the difficulty of having reliable
measurements, and especially with regards to the variable sta-
tus of individuals with KS.

The start of TRT appears to elicit a beneficial effect only at
the lumbar spine, the more “metabolic” site, according to a
2020 meta-analysis on adult men with KS; however, gonadal
status, treatment duration or mosaicism could not be assessed
(177). Data on bone quality (176) and microarchitecture
(131) were also controversial.

Very recently, the double-blind, randomized, placebo-
controlled TRAVERSE sub-trial on the effect of transdermal
TRT on 5204 hypogonadal men (with baseline T levels
<10.4 nmol/L) aged 45 to 80 years (178) revealed unexpected
findings. The group receiving TRT experienced a 43% higher
incidence of clinical fractures compared to placebo (3.50% vs
2.46%) after a median of ~3.2 years of follow-up. The most
common fracture sites were ribs, wrists, and ankles. In con-
trast, the incidence of major osteoporotic fractures (hip, wrist,
humerus, and clinical spine) was nonsignificantly different
(20% higher in the TRT group). BMD and bone quality
were not assessed, and the authors did not investigate physical
activity and risk-taking. An accompanying editorial empha-
sizes that only speculations are possible regarding the mecha-
nisms behind these results, including behavioral changes and
engaging in higher-risk activities that might have occurred in
men in the TRT arm (179), given its effect in boosting motiv-
ation and physical function in older men (179, 180).

In summary, there is an urgent need to address in prospect-
ive longitudinal studies: (i) the safety and efficacy of TRT on
BMD and fractures, stratifying the risk by age at therapy start
with specific focus on the critical window for bone mass ac-
crual, route of administration, T and FSH target levels, differ-
ent skeletal sites, and bone quality measures; (ii) the efficacy of
bone-targeted therapies, starting from vitamin D and calcium
supplementation (combined or not with TRT), and then of bi-
sphosphonates, teriparatide, denosumab, etc. in osteoporotic
men with KS; and (iii) whether persistently elevated FSH levels
and/or reduced INSL3 concentrations may explain the limited
efficacy of TRT alone on bone health in KS.

Thyroid Function and Structure

The first reports of thyroid function alterations in KS date
back to the 1960s and 1970s and, strikingly, already hinted
at a hypothalamic-pituitary-thyroid (HPT) axis dysfunction.
A small case series comprising 5 men with KS first reported
in the New England Journal of Medicine the presence of re-
duced "*'T uptake by the thyroid gland (181). Later, case

Endocrine Reviews, 2025, Vol. 46, No. 4

reports from France (182) and Japan (183) emerged, pointing
to thyrotropin deficiency and a blunted TSH response to TRH
stimulation in men with KS. Subsequent small case series con-
firmed the blunted response to TRH (184), which was more
apparent after TRT commencement (185). Together with oth-
er reports (186-188), the available evidence led to the inter-
pretation of a “limited thyroid reserve” in KS (189),
although not all agreed (190, 191).

More substantial evidence came from a Danish case-control
study in 75 adults with KS compared to healthy controls,
showing reduced free thyroxine (fT4) concentrations, with a
resulting higher free 3,5,3'-triiodothyronine (fT3)/fT4 ratio
(192), and no differences in TSH levels. The authors con-
cluded there is an “inadequate hypothalamic-pituitary control
of thyroid function in KS.” Population studies from Denmark
and England on 832 and 2208 men with KS, respectively (121,
193), found an overall higher prevalence of thyroid disorders,
especially of autoimmune hypothyroidism. A higher preva-
lence of anti-thyroid antibodies in adults with KS has been re-
ported by some (194) but not all (195), and it has been related
to a general effect of sex hormones on autoimmunity (196).

Regarding the timing of these alterations, a single case-
control study investigated 40 pubertal boys with KS compared
to 157 healthy age-matched controls. The authors found re-
duced fT3 concentrations in KS, with no differences in fT4
or TSH levels. Thirteen boys also underwent TRH testing,
with an altered response in 10 (197). The role of gonadal sta-
tus on thyroid function was then investigated by an Italian
multicenter case-control study in 174 KS vs 62 hypogonadal
men on TRT, which also evidenced reduced fT4 levels (195).

On the background of these conflicting findings, a large
retrospective longitudinal study was undertaken on 254 pa-
tients with KS throughout their lifespan, comprising eugona-
dal and hypogonadal (T-naive) individuals as well as
subjects on TRT (198). The patients were compared to
non-KS age-matched cohorts with normal thyroid function,
treated and untreated hypogonadism, and chronic lymphocyt-
ic thyroiditis. The results confirmed a higher prevalence of
thyroid autoimmunity in individuals with KS of all ages, start-
ing from prepubertal children. Individuals with KS also
showed ultrasonographic signs of structural thyroid dysfunc-
tion, including reduced volume, lower echogenicity, and in-
creased inhomogeneity compared to euthyroid controls.
Lower thyroid hormone levels were present in KS from pre-
puberty to adulthood, whereas TSH concentrations were low-
er only in adults. The increased fT3/fT4 ratio, in the absence of
altered peripheral sensitivity, suggests a dysfunctional HPT
axis with an altered T4:TSH set point. As cfT was the only
parameter correlated to thyroid function and appearance, a
direct effect on thyroid hormone deiodination was hypothe-
sized (198). In vitro testing demonstrated an inhibitory effect
of T on pituitary deiodinase type 2 (D2) expression and activ-
ity, supporting the hypothesis that in male hypogonadism, the
pituitary sensing of circulating thyroid hormones is altered
(198). Figure 3 summarizes the proposed mechanisms associ-
ated with HPT axis dysfunction in subjects with KS.

In light of the above findings, a current gap lies in the clin-
ical interpretation of thyroid test results in KS, which may
change according to pubertal stage and gonadal status. To
what extent the altered thyroid feedback contributes to the
overall clinical picture of KS represents a research priority.
Indeed, several comorbidities of KS, such as metabolic syn-
drome components, increased cardiovascular risk, cognitive
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Figure 3. Hypothalamic-pituitary-thyroid axis and its perturbations in the context of hypogonadism in subjects with KS.

Abbreviations: Ab-Tg, anti-thyroglobulin antibodies; Ab-TPO, anti- thyroperoxidase antibodies; DIO2, pituitary type 2 deiodinase; T3, triiodothyronine; T4, thyroxine; TSH, thyroid
stimulating hormone. Solid lines represent established effects, the dashed line represents the influence of reduced testosterone levels in hypogonadal subjects with KS.

alterations, reduced bone mass, and sexual dysfunction, are
also common to hypothyroidism and might be at least partly
related to reduced circulating thyroid hormones concentra-
tions in KS. As such, we encourage a randomized clinical trial
of levothyroxine therapy in individuals affected by KS, focus-
ing on peripubertal boys and young adults, and targeting the
above-mentioned outcomes, possibly related to the thyroid
hormone action.

Current Evidence and Gaps in the Field
of Reproduction and Sexual Function

Current Fertility Options and Novel Advances
in Assisted Reproduction

Although a few men with KS have been reported to present
with some degree of crypto/oligozoospermia, nonobstructive
azoospermia represents one of the classic hallmarks of the syn-
drome (73). A number of pregnancies have also been reported
following intracytoplasmic sperm injection (ICSI) from ejacu-
lated sperm both in nonmosaic (199-210) and in mosaic cases
(201, 211-215). Anecdotal reports of natural conceptions are
also present in the literature (216, 217).

Two main hypotheses revolve around the production of
spermatozoa by men with KS: a testicular micro-mosaicism,
where patches of haploid 23,X/23,Y spermatogonia are pre-
sent, or the capability by 24,XY spermatogonia to complete
meiosis (218-220) successfully. A novel and intriguing hy-
pothesis suggests that focal spermatogenesis in men with KS
follows the loss of the additional X chromosome and XIST ex-
pression in a subset of mature (and euploid) Sertoli cells,
which characterize type A seminiferous tubules (alongside eu-
ploid spermatogonia), and apparently occurs starting at

puberty (221). If confirmed, these findings could suggest a
risk of fathering a child with an abnormal X chromosome
ploidy by men affected by KS to be similar to 46,XY men,
as well as discourage referring prepubertal children affected
by KS for testicular tissue cryopreservation for later
transplantation.

Nowadays, minor foci of spermatogenesis can be found in
the testes of many men with KS through conventional testicu-
lar sperm extraction (cTESE) (83, 219). Some have proposed
using microdissection TESE (mTESE) to increase the retrieval
rate by selecting larger tubules (222). The overall success rate
of ICSI has been described to be reduced in the context of KS,
compared with using sperm from other infertility etiologies in
most (203, 223-225), but not all studies (226-228).

In 2018, a meta-analysis of 139 studies comprising 1248 men
with KS who had undergone TESE, mTESE, or testicular sperm
aspiration (TESA) (229), reported an overall sperm retrieval
rate (SRR) per TESE cycle of 44 %, with no significant differen-
ces between the outcomes of TESE vs mTESE. The overall preg-
nancy rate was 43%, with an identical live birth rate. No
parameters could predict SRR, pregnancy rate, or live birth
rate among age, testicular volume, LH, FSH, and total T con-
centrations. Similarly, a bilateral approach was not associated
with higher success rates when compared to unilateral biopsy
(229). However, a subsequent European multicenter, “real-
life” study on 103 men with KS reported a much lower SRR
of 21.4%, criticizing previous estimates as being “unrealistic
and far from what physicians typically observe in the clinical
practice” (230). Positive selection bias is relatively common
in fertility studies and subsequent meta-analyses.

Regarding parameters capable of predicting successful
retrieval via TESE, (bi)testicular volume, LH, FSH, total T,
estradiol, sex hormone binding globulin, and prolactin
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concentrations were not significantly associated with SRR
(229, 231). In contrast, higher levels of both Sertoli cell func-
tion markers, namely inhibin B and especially AMH, were
found in subjects with successful cTESE in a recent study on
119 nonmosaic men with KS, although with no clear cut-offs
(231).

With regards to age, although some earlier studies had pro-
posed that younger age at TESE might determine higher SRR
(232-237), the above-cited meta-analysis and most, although
not all (238), subsequent studies did not support this hypoth-
esis (229, 231, 239). Nonetheless, different authors have
strongly argued either in favor of fertility interventions, taking
into account TESE as early as 12 years of age for fear of
subsequent spermatogenic failure (240), or against it in any
subject younger than 16 years of age for the lower SRR com-
pared to values obtained later on (241). No advantage in earl-
ier TESE has also been reported regarding retrieval of
spermatogonia, which could be used to develop spermatozoa
later in life, albeit the methodology remains only experimental
(242, 243). Similarly, much discussion has focused on the role
of TRT or other medical therapy concerning favorable or
unfavorable TESE outcomes and on ethical aspects of early
cryopreservation (244).

Nonetheless, as testicular damage in KS is progressive and
reflects the natural history of the condition (101, 104), future
studies will have to explore whether novel factors might pre-
dict successful sperm retrieval in these subjects, especially
quantitative ultrasonography and texture analysis, as a clinic-
al tool to monitor testicular parenchymal health and deter-
mine the most appropriate timing to schedule testicular
biopsy (101).

Sexual Health and Gender Identity

Sexual function in KS has been the object of several studies.
The prevalence of erectile dysfunction (ED) ranges between
2.5% and 23% (245-247), not dissimilar to the prevalence
of ED in the general population (248) decreased sexual desire
has been reported in 10% to 61% of men with KS (245-247).
However, it must be taken into account that some studies re-
lied on self-reporting by patients or on locally developed and
nonvalidated questionnaires; as such, these results should be
taken with caution.

In the most extensive available study (n = 132 subjects with
KS vs 313 matched controls from the general population), in-
vestigators thoroughly assessed sexual function and quality of
life (QoL) through surveys and validated questionnaires. Men
with KS felt less confident as a man and sexual pariner, expe-
rienced later sexual debut, erectile dysfunction, delayed ejacu-
lation, and more frequently complained of testicular pain
compared to controls (133).

The prevalence of perceived premature ejaculation has been
reported to range from 9% to 65% of men with KS, whereas
7% to 43% of men complained of delayed ejaculation
(245-247). Furthermore, no difference has been reported in
men with KS with regards to the frequency of sexual inter-
course, compared to controls (133, 245, 246), although age
at first intercourse was slightly delayed (133).

Among factors contributing to sexual dysfunction in men
affected by KS, a significant role is purportedly played by
side effects of psychotropic medications (249, 250), with up
to 80% of people treated with antidepressants (251), and ap-
proximately 50% of those receiving antipsychotics reporting
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sexual dysfunction (249, 250, 252-260). It is also possible
that psychological factors, such as anxiety and depression,
can contribute, for example, to worsen erectile function in
KS men, as well as negatively impact sexual desire (see
Section “Current Evidence and Gaps in the Field of
Reproduction and Sexual Function”) (261).

In the context of sexual dysfunction, TRT is expected to im-
pact favorably on sexual desire and ED in hypogonadal men
with KS, as circulating T levels are associated with sexual
function in KS (262-264). TRT has been reported to amelior-
ate libido, mood, sexual activity (from flirting to sexual inter-
course), and erectile function both in hypogonadal men
(265-270) and in men with KS as well (271).

A few studies, including several case reports and small ser-
ies, have described the incidence of gender dysphoria, or of re-
lated symptoms, in men with KS (or vice versa) (272-276).
Among the larger studies investigating this topic, the results
of the dsd-LIFE collaboration on ~200 men with KS reported
a single subject who identified as “female” gender type, with
no cases of gender change (277). In a recent systematic review
comprising 11 cohort studies and over 1000 transgender indi-
viduals, the prevalence of 47,XXY was reported as 9/1013
(0.88%), higher than among the general population (278);
however, the general KS underdiagnosis, coupled with poten-
tial selection bias linked to many transgender individuals
undergoing karyotype analysis, limit the conclusions of this
study.

It should also be taken into account how men with KS fre-
quently experience body image dissatisfaction, particularly
concerning the breasts (gynecomastia) and genitalia (low tes-
ticular volume), contributing to feeling “less masculine” (279,
280); the extent to which body dysphoria (or dissatisfaction)
may contribute to gender dysphoria or dysphoric symptoms
in subjects with KS remains a complex topic to be investigated.

Current Evidence and Gaps in the Field of
Cardiovascular Medicine

Body Composition and Obesity

Although only a limited number of studies on body compos-
ition in children and adolescents with KS exist, it has consist-
ently been shown that before puberty and even in early
infancy, an unfavorable body composition with high body
fat percentage and low lean body mass is present despite nor-
mal BMI (95, 126, 128, 281-283).

At 5 months of age, body fat percentage was significantly
higher in 10 infants with KS as compared with 296 controls,
whereas body fat percentage in another 10 infants treated
with testosterone cypionate 25 mg intramuscularly monthly
for 3 months did not differ from controls (281). In a recent
double-blind, placebo-controlled trial, 93 boys with KS aged
4 to 12 years were randomized to oral oxandrolone
0.06 mg/kg/daily or placebo for 2 years (284). After multiple
adjustments, treated boys showed a significantly lower per-
cent body fat SDS compared to those receiving a placebo
(0.29 vs 0.81). In prepubertal boys with KS (n=89) aged 4
to 12.9 years, waist circumference was above the 90th per-
centile in 30% (282). In line with this, the waist-to-hip ratio
was above the 95th percentile in 45% of prepubertal boys
with KS aged 4 to 12 years (95). Based on whole-body dual-
energy x-ray absorptiometry (DXA) scans, body fat percent-
age and the ratio between android and gynoid fat percentage
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were significantly increased despite normal BMI in 62 boys
and adolescents with KS aged 5.9 to 20.6 years (128). In
that study, boys evaluated before and during TRT presented
with a significant reduction in the ratio between android
and gynoid fat percentages during TRT (128).

Adults with KS have an unfavorable body composition pro-
file (80, 129, 285), and it has been shown that for any given
BMI, men with KS have a higher truncal fat percentage as
compared with controls, and truncal adiposity is the primary
predictor of metabolic syndrome and insulin sensitivity in
these patients (285).

Metabolism

In men with KS, mortality is increased (286), mainly second-
ary to cardiovascular disease (CVD) (standardized mortality
ratio [SMR] 1.3; 95% CI 1.1-1.5) and diabetes mellitus
(SMR 5.8; 95% CI 3.4-9.3) (120). Metabolic complications
are common in men with KS, with reported rates of metabolic
syndrome ranging from 34% (287) to 44% (285). More re-
cent data from 376 men with KS on the Korean Endocrine
Society Registry reported rates of hyperglycemia and dyslipi-
demia of 38.8% and 19.1%, respectively (288). A smaller re-
cent cohort study of 30 young men (mean age 21.2 years)
demonstrated increased levels of homeostasis model of insulin
resistance (HOMA-IR) and TyG index (fasting triglycerides
[mg/dL] x fasting blood glucose [mg/dL] / 2) as well as lower
high-density lipoprotein (HDL) levels compared to healthy
controls (289).

In children, metabolic syndrome is reported in boys with KS
as young as 4 years of age, with increased waist circumference,
low-density lipoprotein (LDL) cholesterol, and insulin resist-
ance compared to age-matched control boys, despite similar
overall BMI and in association with reduced reported exercise
levels (282). In this group, the risk of metabolic syndrome was
strongly correlated with inhibin B and AMH levels, and sub-
jects with lower Sertoli cell markers demonstrated higher fast-
ing blood glucose, fasting triglycerides, and LDL and lower
HDL concentrations (95). Causality is not clear, but it may
be that Sertoli cell function in childhood can be used as a
marker for later CVD, with a prepubertal inhibin B < 50 ng/
mL being most highly associated with metabolic syndrome
(95). Overall rates of metabolic syndrome in the pediatric
KS population range from 36% (282) to 80% (95). In add-
ition, a population cohort study from PEDSnet reported that
even after adjusting for covariates (obesity, TRT, and anti-
psychotic treatment), boys with KS had 70% greater odds of
liver dysfunction (95% CI, 1.3-2.2) as well as increased rates
of dyslipidemia and dysglycemia compared to age-matched
controls (290). Of note, however, no differences in systolic
blood pressure were detected (285, 290).

With regards to the effects of T therapy in childhood, in the
randomized clinical trial mentioned above of oral oxandro-
lone in 93 prepubertal boys with KS, those in the treatment
arm exhibited significantly lower triglycerides and lower
HDL concentrations at 2 years compared to placebo (284).

Studies suggest that the development of type 2 diabetes in
KS occurs from 20 years of age (291), although insulin resist-
ance is reported in up to 24% of prepubertal boys with KS
(282). It is worth noting that diabetes auto-antibodies, includ-
ing GADG65 and IA2, are more frequent in men with KS (8% vs
1% in controls), which should also be considered in studies
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demonstrating hyperglycemia (292). In terms of management,
the long-acting GLP-1 receptor agonist liraglutide and metfor-
min have been shown to have beneficial effects in one study of
hypogonadal men (comprising KS) aged 49 to 55 years with
type 2 diabetes mellitus and obesity who presented with hypo-
gonadism and ED (293). Men were initially given 2000 to
3000 mg/day of metformin and 12 weekly injections of
1000 mg intramuscular T undecanoate in association with a
1500-kcal Mediterranean diet and a 150-minute-a-week
walking program for 12 months, followed by a further 12
months with the addition of 1.2 mg/day liraglutide. This re-
sulted in improvements in weight, BMI, waist circumference,
systolic blood pressure, glycated hemoglobin (HbA1(), total
and LDL cholesterol, and fasting blood glucose (293). To
date, there have been no published randomized controlled tri-
als assessing interventions to prevent metabolic syndrome in
children and adolescents with KS or larger groups of men
with KS. In addition, no studies have evaluated the impact
of lifestyle modification.

Heart and Vascular Function

The incidence of congenital cardiovascular anomalies is in-
creased in KS (SMR 7.3; 95% CI 2.4-17.1) (120) with re-
ported cases of transposition of the great arteries,
ventricular septal defects, aortic stenosis, tetralogy of Fallot,
and hypoplastic left heart syndrome (294). In addition, exten-
sive epidemiological studies have reported that men with KS
have an increased risk of admission to hospital secondary to
peripheral vascular disease (SMR 7.9; 95% CI 2.9-17.2) and
intestinal vascular insufficiency (SMR 12.3; 95% CI
4.0-28.8) (285).

Noninvasive cardiovascular phenotyping can be done in
several ways to assess for evidence of early subclinical vascular
disease with methods including pulse wave velocity to meas-
ure arterial stiffness, carotid intima-media thickness for arter-
ial plaques, flow-mediated dilatation for vascular endothelial
function, and echocardiography for ventricular function
(295). In one study of men with KS, left ventricular peak sys-
tolic velocity was reduced, with an association between myo-
cardial systolic function, truncal body fat, and hypogonadism
(296). Whether this is clinically significant and results in the
development of heart failure is unclear, but it is likely given
the fact that 30% to 40% of cases of heart failure are second-
ary to this phenotype (297). However, an Italian study of 74
men with KS demonstrated no difference in left ventricular
systolic function but evidence of left ventricular diastolic dys-
function, increased intima-media thickness, reduced exercise
capacity and maximum rate of oxygen delivery during exer-
cise (VO, max) (298).

Plasma asymmetric dimethylarginine (ADMA) is a well-
described marker of vascular endothelial function secondary
to its ability to inhibit nitric oxide synthase, reducing overall
nitric oxide and thus considered to play a pivotal role in the
initiation and progression of atherosclerosis. In 2 studies,
young men with KS have been shown to have higher levels
of plasma ADMA compared to healthy age-matched controls
(289, 299). Reduced levels of circulating endothelial progeni-
tor cells have also been associated with atherosclerotic pro-
gression and cardiovascular morbidity and mortality, and
their numbers have been reported to be reduced in men with
KS, regardless of BMI or TRT (300). Epicardial adipose tissue,
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as measured by epicardial fat thickness (EFT) on echocardiog-
raphy, is another novel risk factor closely related to cardiovas-
cular events, and a study of 221 men with KS and 77
age-matched controls demonstrated that men with KS had in-
creased EFT (and truncal body fat) (301). In those who were
not receiving TRT, EFT was similar to obese eugonadal con-
trols, even though the BMI of the KS cohort was significantly
lower (301). This suggests that the presence of an additional X
chromosome in men may be a strong determinant of adiposity
and risk of cardiovascular disease.

In healthy control men, there is a J-shaped association be-
tween T levels, as measured by mass spectroscopy, and CVD
events, with men in the lowest and highest total T quintiles
having an increased risk (302). Most men with KS receive
TRT at some stage within their life course. One study has
shown no difference in metabolic parameters in those receiv-
ing transdermal vs injectable T over a S-year period (170).
There was also no difference in those receiving TRT compared
to those not (170). As such, it remains unclear what the effects
of TRT at different ages and treatment regimens may be on
cardiovascular risk (303).

A prospective international registry-based study may be
best placed to establish the effects of TRT on metabolism
and cardiovascular function via collaborative data collection
on cardiovascular adverse events, blood pressure, lipids, and
androgen levels, also in consideration of the recent findings
from the TRAVERSE trial observing a higher incidence of at-
rial fibrillation and pulmonary embolism in hypogonadal men
undergoing TRT (304). In addition, there is a need to review
the impact of lifestyle on the cardiovascular risks identified
in men with KS. A prospective study of 132 men with KS dem-
onstrated reduced physical activity, reduced income, reduced
social support, and increased daily smoking compared to con-
trols, all of which have been linked to increased cardiometa-

bolic risk (133)

Thromboembolism

Hospital admission data from Denmark have demonstrated
that men with KS have up to a 6-fold increased risk of
thromboembolic events compared to controls (285) with a re-
sultant increase in thrombotic deaths (hazard ratio [HR] 1.76;
95% CI 1.18-2.62) and all-cause mortality following arterial
thrombosis (HR 1.73; 95% CI 1.22-2.47) compared to con-
trols (305). A higher prevalence of thrombophilic gene poly-
morphisms has been reported in a cohort of Egyptian men
with KS (306). An earlier study investigating coagulation
and thrombosis in KS identified a reduced endogenous throm-
bin potential in those receiving TRT, although with no differ-
ence in the procoagulant state (thrombin generation and
coagulation inhibition) in 45 men with KS compared with
controls (307). A subsequent study in 58 men with KS con-
firmed the presence of a procoagulant imbalance (increased
thrombin generation and factor VIII concentrations) (308).
TRT can have numerous effects on coagulation, including
stimulation of coagulation inhibitors, antithrombin, protein
S, protein C, and tissue factor pathway inhibitors (309).
Studies have reported contrasting results thus far in terms of
the effects of TRT, and again, it is not clear at what age the
risk of venous thromboembolism starts to rise. This represents
a critical research gap and one which should be prioritized due
to the resultant risk of morbidity and mortality secondary to
venous thromboembolism.
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Current Evidence and Gaps in the Field of
Cognition, Psychopathology, and Development

Clinicians treating boys and men with KS will acknowledge
the complex psychological variability of individual resources,
complaints, and needs. People with KS are as unique as every-
one else. However, multiple developmental, cognitive, and
psychiatric issues characterize KS on a group level, all of
which may significantly affect life achievements and life satis-
faction. Research elaborating on the neurocognitive pheno-
type of KS has intensified over the past 15 to 20 years,
offering new and compelling insights into the challenges asso-
ciated with KS. Primary focus areas of KS research include IQ,
executive functioning (EF), and language, but promising new-
er studies have emerged on the nature of impaired social func-
tioning and QoL in individuals with 47,XXY.

The existing literature on KS reflects the complexity of
studying cognition and behaviors. Mental processes evolve
throughout life, adapting to various factors such as genetics,
hormonal changes, experience, environment, and aging.
Designing research to describe this reality is challenging and
between-study comparisons are further complicated by the
heterogeneity of study designs. Methodology, participant
characteristics (eg, age and pubertal status), as well as external
factors (eg, time of diagnosis, T treatment, and parental fac-
tors such as psychiatric diagnosis, level of education, etc.)
vary across studies and are not always addressed explicitly.
Also, the issue of biased sampling is considerable: KS study
participants may represent a more severely affected subgroup
of the XXY population. This is of particular significance when
considering findings on neurodevelopment in KS, because
early diagnosis is typically associated with more evident
clinical impairment. Taken together, multiple factors beyond
the complexity of the 47,XXY phenotype affect current evi-
dence on development, cognition, and psychopathology in
KS (310-312).

Attention and Executive Functioning

One of the most fundamental aspects of human cognition is the
ability to pay attention. Focused attention involves the capacity
to concentrate on a particular target while ignoring distractors,
and sustained attention is the ability to maintain this focus over
extended periods by continuously allocating cognitive resour-
ces of vigilance (313). Attention deficits are consistently re-
ported in the KS literature. Most studies employ continued
performance tasks, measuring performance stability in reaction
time and target sensitivity. Ross et al (314) described deficits of
sustained attention characterized by prolonged and unstable re-
action time and lapses of attention (omissions or target misses).
Findings of impaired attention have been replicated in later
continued performance task studies (310, 315-317), with effect
sizes of attention deficits exceeding those of executive dysfunc-
tion (316, 318). This makes failures of sustained attention a
likely key-constraint in the impaired higher-order executive
skills of XXY. Moreover, a potential age-related effect of atten-
tion deficits in KS has been described (59): younger boys (4-9
years old) showed a reduced capacity to sustain attention that
seemed to normalize with age (ie, boys with KS aged 10-18 per-
formed at the level of the normative sample). Symptoms of in-
attention are also prevalent when assessing everyday behaviors
of boys with KS using rating scales (311, 316, 318), and symp-
toms of inattention are apparent even in toddlerhood (319).

920z Aenuer g uo Jasn ewoy Ip elsiaAlun ezuaides AqQ 6198008/ 1/¥7/9/0121Me/AIpa/w oo dno olwapeoe//:sdiy woly papeojumoq



Endocrine Reviews, 2025, Vol. 46, No. 4

At the higher-order level of attention control, impairments
of executive function (EF, ie, self-regulatory and control proc-
esses) are common in KS. However, the severity of deficits var-
ies substantially across studies. Cognitive tests of individuals
with KS show reduced ability to inhibit (311, 315, 320,
321), although exceptions exist (59, 316). In addition, studies
describe reduced capacity of working memory (315, 316, 322,
323), weakened mental flexibility (310, 312, 315, 316, 324,
325), and impaired problem-solving and planning skills (316).

While EF performance tests help predict academic achieve-
ment (326), behavioral ratings possess the best ecological val-
idity (327) and may provide additional insights into the
everyday self-regulation of individuals with KS. So far, only
a few studies have included such ratings. Substantial deficits
across multiple EF subcomponents such as cognitive and be-
havioral control are reported (315, 318, 328) and precursors
of executive dysfunction are manifest from early childhood
(329). However, EF impairments in childhood may be subtle
(only slightly >1 SD from the normative mean) and become
more evident with age (330), possibly because of increasing
expectations for self-regulation.

Consistent with the evidence presented above, attention
deficit/hyperactivity disorder (ADHD) is common in XXY,
with an average of 43% of children and adolescents fulfilling
diagnostic criteria (331). Compared to the global prevalence
rate of around 5% to 7% among children and adolescents
in the general population (332, 333), individuals with KS
face a greatly increased risk of being affected by ADHD symp-
tomatology and related comorbidity (334, 335). The predom-
inantly inattentive subtype is the most prevalent (311, 316,
336) and comorbid ADHD worsens performance and ratings
of EF in subjects with KS (337).

Abilities related to sustained attention and EF are essential
for adaptive and goal-oriented functioning in everyday life
(338), and improving self-regulation could have vast benefi-
cial effects for people living with KS. Although EF skills de-
pend heavily on verbal support (339) and verbal ability is a
well-known area of impairment in KS, verbal abilities and
EF deficits in KS have not been successfully linked (316,
321). Learning more about the factors supporting executive
dysfunction in KS will significantly advance our chances of al-
leviating these impairments. Recently, a neural basis for ex-
ecutive dysfunction in KS was identified, and the severity of
EF impairments linked to the characteristic atypical pubertal
development (317). Yet, the effects of TRT or psychostimu-
lants like methylphenidate on sustained attention, initiation,
impulsivity, drive and, ultimately, behavioral control in KS
are largely unknown and need to be investigated. However,
preliminary data suggest a positive effect of hormonal replace-
ment therapy on executive functioning in KS (340) Lastly, the
extent of shared features of ADHD between 47,XXY boys
and 46,XX girls is unclear. As ADHD in girls is often domi-
nated by inattentive symptoms and internalizing behaviors
that are easily overlooked in a diagnostic context (341), clin-
ical guidelines for KS may benefit from this area being
specified.

Language, IQ, Learning Disorders, and Achievement

Language

Language impairment is among the most consistent findings in
the KS literature, affecting an estimated 70% to 80% of boys
with KS (331). Language plays a crucial role in supporting
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cognition across social, emotional, academic, and self-
regulatory domains, and studying language in KS is essential
to understand, treat, and, if possible, reduce challenges in
these areas.

XXY-specific delays in language development are evident
from toddlerhood at the earliest levels of verbal expression,
with reduced vocabulary size and number of utterances
(342-345). For school-aged boys and adolescents, findings in-
clude deficits of basic language abilities such as receptive and
expressive vocabulary (314), phonological processing (346,
347), and impaired structural language, for example, processing
of grammar (346) and production of syntax (348). However,
more substantial difficulties are identified at complex language
processing and expression levels, particularly within pragmatic
language, such as understanding and using language in context
(59, 314, 344, 346). Verbal problems seem to persist into adult-
hood (349, 350). Many studies include both parent reports and
assessments and effect sizes are large, reflecting the substantial
clinical impact of language dysfunction (351). Language disor-
ders may be the most prevalent developmental challenge in KS
(73, 335), with many boys with KS needing speech and language
therapy (352-354). However, taking the high prevalence of aut-
ism spectrum symptomatology into account (331), it remains
unclear how “pure” and specific the language disorders of KS
really are. Language impairments and autism symptoms are re-
ported to significantly overlap in samples of children, adoles-
cents, and adults with KS (59, 336, 355). To clarify potential
subgroups of diverse etiological causes of XXY language im-
pairments, deficits need to be established in the presence of in-
tact social interaction and nonverbal communication, like the
intensified use of compensating pointing gestures (345).

IQ, learning disorders, adaptive functioning, and achievement

Like the language domain, intellectual abilities in KS have re-
ceived extensive interest. Although full-scale IQ typically falls
within the lower range of average performance (displaced
downward with a mean of 10 points or 0.7 SD) (318, 343,
344, 356), intellectual disability is not common (331).
Findings persist when comparing KS performance to siblings
or controls matched on social class (354). The variability of
intellectual capacity is substantial, ranging from extremely
low to superior (335, 336, 351, 354). Profiles typically include
greater difficulties in verbal domains (vocabulary, verbal
comprehension and reasoning) compared to nonverbal/
performance IQ (visuospatial reasoning and abstract think-
ing) (59, 314, 335, 336, 357), with medium-to-large effect
sizes for verbal IQ and small-to-large effect sizes for nonverbal
IQ (344). However, relatively superior nonverbal skills may
dominate a subgroup of individuals with KS (358), as may
profiles of balanced intellectual abilities (343).

The developmental trajectory of intellectual functioning in
KS is not clear. Verbal IQ is affected from childhood but
may normalize with age (325, 349, 359). However, the oppos-
ite direction may also hold (59). Although the prevalence of
specific learning disabilities varies across samples, dyslexia
and specific reading disability are very common, with rates
up to 75% (170, 354, 356, 360-363). Interestingly, new pre-
liminary data suggest prenatal diagnosis and early T therapy
may positively affect reading abilities (364). Specific deficits
of mathematical skills are also observed (343, 354), but gener-
alized, not specific, learning disabilities may best describe
most boys and adolescents with KS (359). Moreover, a
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familial predisposition to learning disorders increases the vul-
nerability of disability and explains part of the higher preva-
lence in KS (365).

On tests of achievement, boys with KS perform below the
level of typically developing peers in numeracy and literacy
(328, 357, 359). By the time they finish high school, adoles-
cents with KS have, on average, fallen 4 to 5 grade levels be-
hind and are more likely to have received special education
than unaffected siblings (359). In other words, KS may signifi-
cantly impact and slow the rate at which boys and adolescents
reach academic milestones, ultimately affecting socioeconom-
ic attainments of employment and income levels (133, 366).

Adaptive functioning in KS is of interest because it goes be-
yond IQ in describing overall life skills, that is, the ability to
integrate cognitive capacities and independently navigate
everyday challenges. To date, only a few studies have ad-
dressed adaptive functioning in KS, all including minors or
young adults (up to the age of 20). In a sample of 57 boys
and adolescents with 47,XXY, more than 30% presented
with moderate to severe impairments of adaptive behaviors
(318). More specifically, children with KS seem to adjust sig-
nificantly worse in contexts with social and communicative
demands (328), with adaptive scores in the low end of the nor-
mal range (328, 367).

A recent study by Samango-Sprouse et al (2020) on pre-
natally diagnosed boys with KS suggests potential beneficial
effects of early hormonal therapy on the developmental curves
of baby and toddler problem-solving skills, language, and mo-
tor function (368). Although large cross-sectional studies like
this have generated important insights, longitudinally de-
signed investigations are needed to determine whether IQ,
learning disorders, and adaptive behaviors in KS are best
understood in terms of late maturation or by the principles
of “growing into deficits” (369). Understanding this question
will be helpful to clinicians guiding families and their network
on how to best support a child with KS and what to expect
prognostically.

Social Cognition and Functioning

Boys and men with KS are often described as unassertive, shy,
passive, and socially withdrawn (344, 354, 370). Despite the
inherent complexity of social cognition and adaptation, recent
studies have attempted to specify perceptual, cognitive, and
emotional mechanisms underlying social behaviors in XXY.
Stable findings include the ability to read the mind of others.
Individuals with KS are less skilled at identifying emotions
from facial expressions and resonating emotionally with
others (ie, to demonstrate empathy and mentalizing abilities)
(310, 355, 371, 372). Impaired processing of facial affect
reaches clinical significance in up to 43% of children and
33% of adults with KS (331). Difficulties in decoding emo-
tions from tone of voice suggest XXY affect recognition defi-
cits to be multimodal (373). In addition, an impact of social
load on cognitive processing in KS has been described. As so-
cial load intensifies, information processing becomes more in-
efficient and inaccurate, possibly reflecting deficits of
higher-order classification and interpretation of social infor-
mation (374). In a recent study, the effects of social load on
interactive behavior was studied in young children with KS:
the children displayed reduced ability to imitate play and to
initiate, maintain and endure social contact compared to typ-
ically developing peers, and impairments were more
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pronounced as social load intensified (375). The findings on
emotion recognition, social load, empathy, and mentalizing
are independent of IQ, age, and language ability (351, 355,
374) (374). Social information processing in XXY has been
further explored by means of biometrics such as eye-tracking
and heart rate measures. Individuals with KS demonstrate
atypical and (in terms of decoding emotional states of others)
inefficient fixation patterns, with less initial and less total fix-
ation at the eye region (376). This tendency of attending less to
the eye region during social interactions is present at early
stages of development in children with KS and is associated
with delayed language abilities in 1-year-olds with KS (377).

Although the diagnostic prevalence of autism spectrum dis-
orders (ASD) in 47,XXY is substantially higher compared to
the background population (on average, 18% vs 0.6% in
the general population (331, 334), with symptoms present al-
ready from early childhood (378), subdiagnostic symptoms
are even more commonly observed, corresponding to an aver-
age frequency of 25% in children with KS (331), and ranging
from mildly to severely impairing (311, 318, 335, 336, 346,
355, 361, 378-380). Bouw et al (378) identified joint atten-
tion, namely, modulated verbal or nonverbal communication
about a shared focus, to be a precursor of ASD in toddlers
with KS. Other studies have suggested reduced mental flexibil-
ity to explain ASD behaviors in KS (312, 381).

The prevalent subdiagnostic expression of social impair-
ment in KS may arise from subtle, but important features
that are somewhat atypical to the ASD continuum. Social mo-
tivation, a key construct thought to contribute to a develop-
mental cascade of social deficits in ASD (382) seems to be
intact in children with KS (336), as is social awareness
(318). Also, KS has been associated with increased social anx-
iety compared to ASD and nonclinical controls (371, 380), in-
dicating an intact capacity of individuals with KS to reflect on
themselves in a social way, combined with reduced ability to
decode and act on social information. Although not consistent
(375), these findings might guide therapeutic interventions
targeted at improving social skills and well-being of individu-
als with KS. Preliminary research supports a beneficial effect
of social management training on behaviors essential to social
adaptation, that is, impulse control and self-reflection in men
with KS (383). As social contexts provide unique opportun-
ities for experience-based learning, enabling social participa-
tion will potentially improve long-term developmental
outcomes in XXY. Although challenging to document in a re-
search context, the effects of therapeutic interventions are of
major interest to the field. Ratings of social anxiety, self-
esteem, and QoL may be useful in this endeavor.

Disorders of Emotion Regulation, Mood,

and Psychosis

Emotion regulation involves monitoring, evaluating, and
modifying the type, timing, intensity, and expression of emo-
tions (384) and is crucial to facilitating adaptive social func-
tioning. Moreover, emotion regulation plays a critical role
in disorders such as anxiety and depression, the latter repre-
senting more persistent states of mood disturbance (385).
Inadequate emotion regulation in boys and men with KS is de-
scribed in studies of executive function (315, 318, 328), as is
related adverse coping behaviors and psychopathology (in-
cluding emotional outbursts, avoidance, distraction seeking,
passivity, and symptoms of anxiety and depression) (386).
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Adults with KS struggle more to identify and verbalize their
own emotions (372), and adults (379, 387, 388), as well as
children (318, 335, 380), report feeling substantially more
anxious and depressed. Clinically significant anxiety has an
average reported prevalence of 20.5% among children with
KS, while depressive disorders occur in an average of 26.9%
of children and adults (331). Compared to the incidence in
the general population of 4% for anxiety (World Health
Organization, https:/www.who.int/news-room/fact-sheets/
detail/anxiety-disorders) and 5% for depression (https:/
www.who.int/news-room/fact-sheets/detail/depression), XXY
represents a condition of increased vulnerability to psycho-
pathology related to emotion and mood regulation.
Psychopathology related to more complex expressions of
dysfunctional mood regulation or psychotic disorders in KS,
such as bipolar disorder or schizophrenia, are in need of fur-
ther investigation. In the largest-to-date study, bipolar dis-
order and psychosis occurred almost 4 times more often in a
Swedish national sample of 860 patients with KS compared
to matched population controls (n=86000) (334). In this
line, small sample studies found symptoms related to schizo-
phrenia to be significantly more pronounced in men with KS
as compared to controls (372, 387, 389). Although several
case-studies have provided insight into individual symptom
presentations and treatments (390-393), large cross-sectional
or registry-based studies are needed to accurately specify the
nature and prevalence of bipolar and psychotic pathology in
XXY. Also, the issue of biased sampling has been suggested
to account for the increased incidence rates reported (394).

Psychosocial Factors and Quality of Life

In a large study, approximately 8 in 10 adolescents and adults
with KS replied that their condition negatively affected their
lives (395). Reviewing the literature, this statement makes im-
mediate sense. In early reports of behaviors related to KS, in-
ferior intellectual abilities, emotional immaturity and
“character deviations” was suggested to account for the in-
creased number of criminal records among men with KS
(396-398), unfortunately nourishing negative stereotypes
and misconceptions about the population. However, later
and much more extensive studies found socioeconomic fac-
tors, not cognitive shortcomings, to largely explain the moder-
ately increased risk of men with KS being convicted for crime
(399). Individuals with KS experience a variety of adverse psy-
chosocial and socioeconomic challenges. A longitudinal,
register-based study including >1000 Danish men with KS
and >100000 controls has provided unique insights: 47,
XXY men have lower educational and income levels, fewer
partnerships and fatherhoods, and retire earlier (366). They
have a harder time establishing a solid connection to the job
market (133, 400, 401), and morbidity and mortality rates
are significantly increased (121, 402). Moreover, many men
with KS struggle to find qualified health care and counseling
from professionals familiar with their condition (403, 404).
In ratings of QoL that measure experienced satisfaction
with social life, health, life achievements, and self, individuals
with KS further elaborate this picture. Significantly lower QoL
is reported from peri-puberty into adulthood (361, 400,
403-406). In a large multicenter sample of men with KS, the
lowest QoL was reported by men who experienced discrimin-
ation due to their condition, those who reported chronic men-
tal or physical health problems, or those who participated the
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least in social activities (404). Phenotype severity and more
pronounced physical manifestations of KS (eg, height, higher
BMI, and smaller testes) were also negatively associated with
QoL (361, 400). Peer relations and social support seem par-
ticularly important to increase QoL across age groups (328,
400), as does employment in adults (400). In other words, a
sense of belonging and contributing may act as protective fac-
tors. To date, it has not been possible to establish a beneficial
effect of T on QoL in either boys (361) or adults (407).
Studying treatment effects in a longitudinal design, preferably
with subjects blinded to treatment, is needed to fill this knowl-

edge gap.

Current Evidence and Gaps in the Field of
Cancer

Extensive register-based epidemiological studies from the
United Kingdom, Denmark, and Sweden have shown that
the general risk of cancer is not increased in men with KS
(402, 408-410). However, it was shown that the incidence
of specific cancers, such as breast cancer (121, 408, 409), me-
diastinal germ cell tumors (121, 409), as well as hematological
malignancies including non-Hodgkin lymphoma and leuke-
mia (410), is significantly increased. By contrast, the incidence
of prostate cancer is significantly reduced (408, 410).
Compared with the background population, mortality from
lung cancer, breast cancer, and non-Hodgkin lymphoma
was found to be increased, whereas mortality from prostate
cancer was decreased in men with KS (408).

Male breast cancer constitutes less than 1% of all breast
cancers and is regarded as a rare condition as opposed to
among women, in whom the incidence of breast cancer ranges
from 71 to 194 in 100 000 in European countries (411). Men
with KS have a 20- to 50-fold increased risk of developing
breast cancer compared to the general male population
(412, 413), and it has been estimated that up to 7% of men
with breast cancer have KS (412). However, due to the rarity
of male breast cancer in general, only a few studies exist and
the estimates in KS may be subject to selection bias. Future
studies of the influence of risk factors, for example, gyneco-
mastia and long-term TRT, are needed.

In the register-based study by Swerdlow et al, including
3518 men with KS (pure 47,XXY n = 3002, mosaic 47,XXY
n =320, other [comprising HGAs] n=196), the incidence
and mortality of breast cancer were significantly increased
by 19.2 (95% CI 5.2 to 49.2) and 57.8 (95% CI 18.8 to
135.0) times, compared with the general male population.
The largest mortality ratio in men was found in mosaic KS
(408). However, when comparing mortality from breast can-
cer to the rates of women, the standardized mortality ratio
was significantly lower in men with KS (SMR =0.3, 95% CI
0.1-0.8) (408). The authors speculate that the increased risk
of breast cancer could be related to increased serum concen-
trations of estradiol or, more likely, to the increased ratio
between estradiol and T (408), although this has not been
shown.

Mediastinal germ cell tumors are rare, and the reported risk
of mediastinal germ cell tumors in KS varies from study to
study, depending on the study design. In the study by Hasle
et al, including 696 men with KS, 4 mediastinal germ cell tu-
mors were observed, corresponding to a significantly in-
creased relative risk of 66.7 (95% CI 17.9 to 170.7). The 4
patients were between 14 and 29 years old, and all tumors
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were malignant non-seminomas (409). Bojesen et al reported
3 cases with mediastinal tumors in 832 men with KS com-
pared to 1 among 4033 controls, with a hazard ratio of 14.2
(121). By contrast, no mediastinal tumors were observed in
the Swerdlow et al study (408). Williams et al studied the re-
verse relationship in a cohort of 433 male patients aged 0 to
19 years with germ cell tumors (414). Thirteen (3%) of these
boys turned out to have KS, corresponding to a relative risk of
18.8 (95% CI 11.7-30.0). Among the 13 patients with KS, 11
(84.6%) had extragonadal tumors, and 9 (81.8%) of the ex-
tragonadal tumors were mediastinal. For comparison,
16.8% of the non-KS patients had extragonadal tumors,
and 31.8% were mediastinal. It was thus concluded that ap-
proximately one-third of the patients with mediastinal germ
cell tumors had KS and that screening for KS may be war-
ranted in pediatric and adolescent males with mediastinal
germ cell tumors (414).

In a Swedish register-based study including 1085 men with
KS, solid tumor risk significantly decreased with a standar-
dized incidence ratio (SIR) of 0.66 (95% CI 0.47-0.90). By
contrast, the general risk of hematological malignancy was
significantly increased (SIR 2.72; 95% CI 1.61-4.30), with
SIRs of 3.02 (95% CI 1.44-5.57) for non-Hodgkin lymphoma
and 3.62 (95% CI 1.30-7.93) for leukemias (410). The au-
thors speculate that genetic alterations associated with the ex-
tra X chromosome, such as X-linked immune-related genes
and microRNAs, may be involved in the etiology of these can-
cers (410). However, the risk estimates in hematological can-
cers may be highly overestimated, since chromosome
aberrations may be detected during cytogenetic evaluation
of bone marrow that is routinely part of the evaluation of
these conditions. Only a few epidemiological studies of cancer
risk and mortality in KS exist, and these studies are limited by
the low diagnosis rate of KS and, thereby, an inherent risk of
selection bias. The results should, therefore, be interpreted
with caution. However, based on the current evidence, clinical
breast and axilla examination is suggested every second year
in adults with KS (19). Screening for KS in pediatric and ado-
lescent patients with mediastinal germ cell tumors may also be
warranted (410).

Current Evidence and Gaps on Immune
Function

Among the comorbidities associated with a KS diagnosis
comes an increased prevalence of several autoimmune condi-
tions, as evidenced, among others, by population and registry
studies. Specifically, increased occurrences of Addison disease,
type 1 diabetes mellitus, multiple sclerosis, autoimmune hypo-
thyroidism, rheumatoid arthritis, Sjegren syndrome and sys-
temic lupus erythematosus (SLE), have all been described
(121, 193, 198, 415, 416). Atopic conditions such as
IgE-related food allergies and eosinophilic esophagitis have
also been reported in various case series (417, 418).

In addition, KS seems to be characterized by both an organ-
specific (anti-thyroglobulin and anti-thyroperoxidase, anti-
insulin, GAD, IA-2, and ZnT8 antibodies) and a
non-organ-specific (anti-nuclear antibodies, ANAs) humoral
autoimmune tendency, possibly more so in subjects naive to
TRT (194, 198, 419, 420). Altered serum levels of both pro-
and anti-inflammatory cytokines have also been reported by
some authors in children and adults affected by KS, specifical-
ly IL-1a, IL-2, IL-4, IL-6, IL-10, [L-12 (421, 422), alongside
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higher total serum IgA, IgG, IgM concentrations and in-
creased CD3*, CD4", and CD19" cell counts, which showed
a decrease after TRT start to healthy controls levels (422).

Although the causes of this predisposition in KS are only
partially known, it has been suggested to originate from sex
hormone differences and imbalance of the sex chromosomes,
to resemble the disproportionate prevalence of autoimmune
diseases in biological female vs male individuals, as well as
in female individuals with 45,X Turner syndrome (423,
424). X-linked genes involved in immune response and escap-
ing X chromosome inactivation, such as TLR7, IL3RA,
CD40L, FOXP3, etc., have been suggested to play a role
(424-426). More recently, it has been shown how the long
noncoding RNA (IncRNA) Xist, responsible for X chromo-
some inactivation in individuals carrying 2 (or more) X chro-
mosomes (427), together with its ribonucleoproteins,
represent an important driver of sex-based autoimmunity,
and the expression of a nonsilencing Xist form in male mice
induces a more severe autoimmune response and both T and
B cell reprogramming to resemble a female phenotype (427,
428).

It is not currently clear to what extent these immune system
alterations may further affect the outcomes of other co-
morbidities associated with KS, such as the natural history
of type 2 diabetes mellitus and its complications, for example,
in the context of leg ulceration and (delayed) wound healing
(285, 429).

Current Evidence and Gaps on the Timing and
Pros and Cons of TRT

A limited number of randomized controlled trials on the ef-
fects of TRT have been conducted, and no evidence-based
guidelines exist on how early, and through which approach,
to start treatment, outside what is known for male hypo-
gonadism in general (430).

Only one randomized study of TRT in infancy exists (281).
In that study, 20 infants (aged 6 to 15 weeks) were random-
ized to 3 months of treatment with testosterone cypionate
25 mg intramuscularly every 28 days (n = 10) or no treatment.
At baseline, there was no difference in fat mass between the 2
groups, but at 5 months of age, untreated infants had a signifi-
cantly higher fat mass (15%) than controls. In contrast, no dif-
ference in fat mass between treated infants and controls was
found. In addition, the increase in total mass, fat-free mass,
length, stretched penile length, and growth velocity was great-
er in the treated infants (281).

In a double-blind, randomized, placebo-controlled study by
Davis et al, 84 prepubertal boys with KS aged 4 to 12 years
were randomized to treatment with low-dose synthetic oral
androgen (oxandrolone) for 24 months (284, 431, 432).
Boys in the oxandrolone-treated group exhibited significant
reductions in body fat, triglycerides, and HDL cholesterol,
and improvements in areas of visual-motor performance, anx-
iety, depression, and social functioning. Still, no effect on cog-
nition and attention was found (284, 432). Notably, the risk
of early gonadarche, pubarche, and advanced bone age was
increased in the oxandrolone-treated boys (431).

Randomized controlled trials are needed to elucidate the in-
fluence of TRT on pubertal development and spermatogenesis
in patients with KS. The timing of TRT initiation also appears
crucial regarding peak bone mass and strength attainment,
which in the general male population occurs between the
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ages of 19 to 33 years (433, 434). This window partly corre-
sponds to crucial events in the natural history of KS, in which
Leydig cell dysfunction becomes evident from Tanner stage 4
onward as an altered T/LH ratio, preceding the decline in
T and cfT concentrations, which typically becomes apparent
during transition age and adulthood (101).

As discussed previously, TRT is likely to be introduced to
men with KS at some stage in their lifespan. In particular,
T has multiple effects on the vasculature (435, 436), and hypo-
gonadism is known to be a cardiovascular risk factor in aging
men (437).

A general discussion on the pros and cons of TRT in male
hypogonadism is outside the scope of the present review; how-
ever, it is worth mentioning the results of the largest and lon-
gest double-blind placebo-controlled randomized trial
recently published in the New England Journal of Medicine
(438). The TRAVERSE trial enrolled 5204 men aged between
45 and 80 years old, with 15 304 life-years of follow-up. Men
with KS were not excluded from this trial, although to partici-
pate, the men had to have preexisting CVD (438). The data
demonstrate that in hypogonadism, TRT can correct anemia
(439), increase libido (269), and improve bone health (178),
with a low risk of adverse events (440). No significant differ-
ences were found in the composite of major cardiovascular
events (304). A recent systematic review and meta-analysis
of 799 articles encompassing 1144 men with KS and 1284
healthy controls showed that men with KS who did not receive
TRT had impaired metabolic profiles (hyperglycemia and in-
creased cholesterol), body composition (higher BMI and waist
circumference) and bone health (reduced BMD) compared to
age-matched controls (177). Of note, TRT improved body
composition and BMD but not metabolic biochemistry. The
combined evidence from the TRAVERSE and the TTrials
(267) clearly showed that TRT in adult men with hypogonad-
ism is safe. Whether TRT can have beneficial effects in revers-
ing cardiometabolic comorbidities, is likely related to the
timing TRT is started, the etiology of hypogonadism, the dur-
ation and the levels of T achieved during treatment (430, 441).

Based on our current understanding and the phenotypic
variability of KS, it appears plausible to conceive that: (i)
some outcomes of the syndrome are genetically (pre)deter-
mined (eg, testicular failure); (ii) others derive from the decline
in T levels (eg, reduced libido) and could be reversed by
prompt replacement therapy; (iii) some others might originate
from the combined effect of (epi)genetic factors and lack of
sufficient T in critical developmental programming windows
such as fetal life and mini-puberty (eg, low bone health, in-
creased adiposity and CVD risk); and (iv) a combination of
maladaptive changes (eg, altered thyroid feedback, impaired
vitamin D metabolism, etc.) determining the full spectrum of
KS clinical phenotype.

Understanding the specific contribution of each of these fac-
tors to the various comorbidities characterizing the natural
history of KS will allow us to understand which outcomes
are modifiable/preventable and which are not. It is, therefore,
clear that a significant research gap lies in understanding the
ideal timing of TRT commencement, as well as T target val-
ues, and in the efficacy of other (pharmacological, behavioral,
etc.) combined interventions to overcome comorbidities.
Most experts agree that a timely TRT can improve several,
but not all, unmet needs of patients affected by KS.
Combination therapies, for example, with vitamin D, should
be seriously considered.
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Patient Engagement

Several patient support organizations currently exist for boys
and men with KS and their families, including but not limited
to the Association for X and Y Variations (genetic.org), the
Klinefelter Syndrome Association (ksa-uk.net), the American
Association for Klinefelter Syndrome Information and
Support (aaksis.org) and the Living with XXY group
(livingwithxxy.org). Private patient groups on social media
platforms have also been reported as being beneficial for pa-
tient advocacy, education, and increasing feelings of em-
powerment regarding their condition (442). Guidelines
regarding the care of children with conditions like KS recom-
mend working in partnership with these groups (443).
Support groups have been demonstrated to be effective in
terms of encouraging individuals with KS to participate in re-
search studies (444). In 2017, a European Union COST
Action from the DSDnet group facilitated a workshop for
33 individuals with disorders/differences of sex development
(DSD), their parents and representation from advisory groups
and healthcare professionals to discuss key areas, including
diagnosis, childhood, transition to adult services, and poten-
tial research topics, concluding that a life course approach
should be a focus of future work (445). An international sur-
vey of healthcare professionals from 28 countries involved in
caring for people with DSD rated research priorities to address
the gaps in current knowledge, with QoL ranking highest
(446). Any studies in the field of KS should seek the opinion
of patients, patient advisory groups, and their carers regarding
the research areas of highest priority to those affected by the
condition.

The Value of Models in KS

As discussed briefly above, animal models of KS have proven
invaluable in advancing our knowledge regarding the mecha-
nisms of comorbidities associated with the condition, and a
number of different models exist. The 41,XXY model is cur-
rently the most widely described mouse model, obtained by
breeding males with a mutated Y chromosome (Y*) from a
B6Ei.Lt-Y* strain with wild-type female mice (447). Using a
4-generation breeding scheme involving males with the struc-
turally rearranged Y chromosome, XXY mice can be bred, re-
sulting in 50% of live-born male offspring in the fourth
generation having an XXY karyotype and a phenotype of
small testes, decreased plasma T, increased plasma FSH, and
evidence of neurocognitive delay (448). This model was first
described in 1991 by Eicher and colleagues (449) and has since
been comprehensively described. The mice demonstrate
Leydig cell hyperactivation and germ cell loss, as seen in hu-
man males with KS, as well as similarities in bone metabolism
and lack of androgenization, as reviewed recently by Wistuba
and colleagues (450). This model does not, however, result in
the same alterations in body proportions or the cardiovascular
phenotype seen in men. Alternatively, XXY male mice can be
bred by mating a wild-type female to a sex chromosome vari-
ant male (XYY) that could produce XY-containing sperm, re-
sulting in a spermatogenesis phenotype with the arrest at the
pro spermatogonial stage (220). Again, this model is best
placed for assessing fertility instead of other aspects of KS in
humans.

Cellular models also exist for the investigation of pathology
in KS and other sex chromosome aneuploidies. Patient-
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specific induced pluripotent stem cells (iPSCs) have been
developed from individuals with KS by transfecting patient
and control fibroblasts with nonmodified RNAs leading to
cellular reprogramming and the development of condition-
specific cell lines (451, 452). Development of these cellular
lines can be challenging, particularly as 47,XXY-derived lines
have been shown to have increased rates of cell death at germ
cell differentiation compared to 46,XY cell lines (453). With
appropriate technical expertise, however, such cell lines may
obviate the need for animal models, provided the cells demon-
strate that they are able to sustain their original phenotype
with each cellular passage.

Standardized Data Collection

Natural History Disease Registries

Several epidemiological and outcome-based cohort studies
have been performed using linked data sets from existing sour-
ces of routinely collected healthcare data (2835, 305, 454). In
recent years, rare disease registries have been developed to col-
lect real-world data on specific conditions for promoting re-
search and improvement in quality of care (455). In
particular, the International Disorders of Sex Development
(I-DSD) Registry, as part of the International Registries for
Rare Conditions Affecting Sex Development and
Maturation (https:/sdmregistries.org) collates routinely col-
lected data on boys and men with KS. Local country-specific
registries include the Korean Endocrine Society Registry
(288) and PEDSnet (https:/pedsnet.org). Currently, none of
these registries gather a core dataset which is unique to KS
and given the clinical heterogeneity of KS, future work should
focus on the development of a specific core outcome set (COS)

Table 1. Proposed research priorities for KS
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for KS. A COS is a minimum consensus-based set of outcomes
that should be reported in all clinical trials for a specific health
condition or intervention to foster research homogeneity and
minimize the risk of selective outcome reporting bias in studies
(456). This COS could be the basis of forming a new inter-
national registry for KS, which would provide the opportunity
to pool data from across the globe to gain a comprehensive
understanding of the life course of the syndrome and provide
evidence concerning outcomes and treatments that would
otherwise be unattainable. An international priority setting
partnership to develop age-specific COS is being developed
for use in a proposed module for KS within the Sdmregistries.
org platform, based on the currently reported outcomes in
the medical literature for boys and men with KS. Additional
data could be collated within an ethical and governance frame-
work that would be expected of a high-quality registry (457).
Patient-reported outcome measures (PROMs) could also be in-
corporated to ensure that the patient’s voice is at the forefront
of any ongoing work in the field of KS. This is particularly im-
portant in the face of recent evidence demonstrating that men
with KS in the dsd-LIFE study scored lower for QoL scores
on physical, social, and psychological domains (404).
Overall, this would potentially accelerate the development of
novel treatments to improve QoL in men with KS.

Suggested Research Priorities

While it is clear that there have been significant advances in
our understanding of KS over recent years, many gaps persist.
Table 1 highlights the key research priorities identified in our
review. Some of the research gaps are currently being ad-
dressed by ongoing studies on KS, as summarized in Table 2

Main refs.

Research area Suggested research gap
Etiology and phenotypic Methods to increase rates of diagnosis
variability Genetic predisposition to sex chromosome nondisjunction
Genomics and transcriptomics in people with KS
Puberty Timing of puberty and optimal timing for testosterone supplementation
Fertility Pathophysiology of microvascular alterations in the testes
Temporal events of testicular cell degeneration
Optimal timing of (m)TESE and sperm cryopreservation
Predictive factors for successful TESE
Success of assisted reproduction techniques
Bone Prevention of reduced BMD (and fractures)
Efficacy of TRT on bone health
Role of the bone-testicular axis
Thyroid Clinical implications of altered HPT axis
Efficacy of levothyroxine therapy
Cardiometabolic Mechanisms underlying increased CV risk
Mechanisms underlying VTE risk
Interventions to prevent/manage metabolic syndrome
Effects of TRT on cardiovascular health
Neurodevelopment Differential effects of TRT, psychopharmacology, and therapeutic interventions on cognition
and psychopathology
Quality of life Patient-reported outcome measures (PROMs)

Research standardization

Core outcome set development

(20, 23, 26, 32, 33, 42)

(23, 26, 27, 32, 38, 42,
45, 46)

(76-78, 80-82)

(93, 95, 96, 101, 104,
106)

(114-117)

(83, 90, 96, 101, 108)

(229-231, 239)

(101, 231, 239)

(223, 225, 226, 228-230)

(123, 125, 128, 145, 159)

(131, 176-178)

(146, 147, 159)

(121, 192, 195, 198)

(198)

(285, 289, 296, 299-301)

(285, 305, 307, 308)

(95, 120, 282, 284, 285,
293)

(170, 177, 304)

(311, 312, 317, 377, 383)

(404-407)
(455-457)

Abbreviations: BMD, bone mineral density; CV, cardiovascular; EF, executive function; HPT, hypothalamic-pituitary-thyroid; KS, Klinefelter syndrome; PROMs:

patient-reported outcomes; (m)TESE: microscopic testicular sperm extraction; TRT, testosterone replacement therapy; VTE, venous thromboembolism.
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Table 2. Active trials that include KS from the NIH and EMA databases
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Study ID Brief study title Condition(s) Study type Phase Enrollment Main study outcome
NCT06294990 Klinefelter syndrome—the * KS Interventional: 4 32 Changes in body
2023-505854-16-00 effect of Testosterone * testosterone composition:
treatment In PubertY A * Body fat %
randomized, double-blind * Android/gynoid ratio
placebo-controlled * Muscle mass
intervention study “The
TiPY study”
NCT05498090 Interrogating Fatty Acid * KS Interventional: 4 44 * Maximal rate of fat
Metabolism Impairment and * fenofibrate oxidation
Clinical Correlates in Males * Skeletal muscle fat
With Klinefelter Syndrome oxidation
NCT05586802 Sex Steroids Balance for * KS Interventional: 3 150 * Sperm retrieval rate at
Metabolic and Reproductive * anastrozole mTESE
Health in Klinefelter * hCG * Change in HOMA-IR
Syndrome * testosterone
(KLIN-HEALTH) * semaglutide
NCT05997706 Unraveling the Klinefelter’s * KS Interventional: ~NA 20 Cell counts, cells
Disease Physiopathology * (m)TESE characterization by IF and
(KLINEFELTER) cell-specific RTqPCR, cell
karyotyping
NCT03836300 Parent-Infant Inter(X)Action  * KS and other Interventional: NA 120 * Social validity and
Intervention (PIXI) neurogenetic disorders ¢ Behavioral acceptability (family
with associated (PIXT) satisfaction with aspects of
developmental delays the intervention)
or intellectual and * Fidelity (family retention
developmental rate)
disabilities
NCT04252001 Growing up With the Young ~ * KS Interventional:  NA 160 * Self-management and
Endocrine Support System  + TS * YESS! game Transition to Adulthood
(YESS!) (YESS) * CAH and AD with Rx (STARx)
- HH questionnaire
+ GHD
+ CPHD
+ AIS
* Thyroid dysgenesis
NCT04803474 Turner And Klinefelter * KS Observational ~ NA 370 * Relationship between hair
Treatment Target Study « TS T concentrations and QoL
(TAKTT) (EQ-5D-5L)
NCT03396562 The eXtroardinarY Babies * KS Observational  NA 300 Longitudinal descriptive
Study: Natural History of * 47, XYY syndrome statistics of:
Health and * Triple X syndrome * Cognitive scores
Neurodevelopment in * HGA with male and * Motor scores
Infants and Young Children female phenotype * Language scores
With Sex Chromosome
Trisomy
NCT05425953 Endocrine, Metabolic, * KS Observational ~ NA 60 Epigenetic changes related to
Cardiovascular and « TS phenotype from blood, fat,
Immunological Aspects of * 47, XYY syndrome muscle, skin, buccal swabs,
Sex Chromosome * Triple X syndrome and urine samples
Abnormalities in Relation to
Genotype (EMKISCA)
NCT04463316 GROWing Up With Rare * KS Observational ~ NA 600 * Presence of physical health
GENEtic Syndromes * Other rare syndromes problems
(GROW UR GENES) or rare congenital * Biochemistry and
diseases endocrine panel
* Physical and psychological
complaints
* Medication use
NCT03809026 The Potential of Sperm * Men referred for Observational ~ NA 100 * Cleavage rate

Retrieved by Micro-TESE
to Fertilize Vitrified/
Warmed Oocytes

mTESE for KS,
spermatogenetic arrest,
or failed previous sperm
retrieval

Pregnancy rate
Fertilization rate

(continued)
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Table 2. Continued
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Study ID Brief study title Condition(s) Study type Phase Enrollment Main study outcome

NCT06373861 Generating Advancements * KS Observational ~ NA 5000 Average number of chronic
Through Longitudinal * 47 XYY syndrome diagnoses per person:
Analysis in X and Y * Triple X syndrome * Mental health (depression,

Variations (GALAXY)
female phenotype

* HGA with male and

anxiety, mood disorder

NOS, psychotic disorder,

ADHD, autistic disorder)
+ Cardiometabolic (obesity,
dyslipidemia,
hypertension)
Autoimmune(DM, hypo-
and hyperthyroidism)

Active trials listed in clinicaltrials.gov and euclinicaltrials.cu databases.

Abbreviations: AD, Addison disease; ADHD, attention-deficit/hyperactivity disorder; AIS, androgen insensitivity syndrome; CAH, congenital adrenal hyperplasia;
CPHD, combined pituitary hormone deficit; DM, diabetes mellitus; GHD, growth hormone deficiency; hCG, human chorionic gonadotropin; HGA, high-grade
aneuploidies; HH, hypogonadotropic hypogonadism; HOMA-IR, homeostasis model of insulin resistance; IF, immunofluorescence; KS, Klinefelter syndrome; NOS,
not otherwise specified; RTqPCR, real time quantitative polymerase chain reaction; mTESE, microscopic testicular sperm extraction; TS, Turner syndrome.

(derived from the clinicaltrials.gov and euclinicaltrials.eu
databases). Of course, these are not exhaustive, and many oth-
er research areas are clinically significant. Decisions regarding
research priorities should also be led by those affected by the
condition, whether as individuals or caregivers. Overall, there
is a requirement for prospective and longitudinal studies of
people with KS to determine their changing healthcare needs
as they progress through their lifespan. Randomized con-
trolled trials are very demanding, and funding is scarce, but
well-performed observational and registry studies can substi-
tute for what is otherwise not feasible in rare disorders. These
studies would be best initiated with international collabor-
ation, to ensure that the data produced are valid to people
with this condition across the world.

Conclusions

KS is a complex condition associated with a multitude of differ-
ent comorbidities. That said, boys and men with KS lead mean-
ingful and happy lives, which would be facilitated by increased
knowledge regarding the condition. We demonstrate that the
new horizons in this field are exciting and promise to change
some of the current trajectories of morbidity seen in KS.
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