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ABSTRACT

Klinefelter syndrome (KS), though described more than 70 years ago, still imposes signifi-
cant diagnostic challenges. Based on data from epidemiological studies, KS is associated with
increased morbidity and mortality. Although the pathophysiology and etiology behind these
observations are as yet not well understood, a significant contribution of hypogonadism, central
to the syndrome, is traditionally suspected. However, other unknown effects inherent to the
syndrome also seem to modify the disease pattern. Herein we show that KS is under-diagnosed
since only roughly 25% of patients are diagnosed and the mean age of diagnosis is during
adult life. KS is associated with increased morbidity resulting in loss of 2-5 years in lifespan
with increased mortality from different diseases and a poor socioeconomic profile. Small tes-
tes, hypergonadothrophic hypogonadism and cognitive impairment are usually found. The
accompanying hypogonadism can lead to altered body composition and a risk of developing
metabolic syndrome, type 2 diabetes and cardiovascular disease. Cancer risk is generally not
different from that observed in the background population, although specific cancers like breast
cancer and extragonadal germ cell tumors are seen more frequently in KS. The mainstay of
medical treatment is testosterone replacement therapy to both attenuate acute and long-term
consequences of hypogonadism and possibly prevent the frequent comorbidity. We believe that
the diagnostic challenges should be tackled more efficiently, while there is also a pressing need
to generate better evidence for timing and the proper dose of testosterone replacement. We
advocate for a multidisciplinary setup with the inclusion of pediatricians, speech therapists,
general practitioners, psychologists, infertility specialists, urologists and endocrinologists.
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the peak of his career having made several crucial
discoveries, particularly within the field of calcium
metabolism.' Albright held weekly general endocrinol-
ogy clinics every Saturday at Massachusetts General
Hospital and it was during one of these clinics that
a young doctor by the name of Harry F. Klinefelter
approached him asking about a tall male patient with
gynecomastia and very small testes. The patient, a
young recruit, had been referred by the Boston Draft
Board and, working together, Albright and Klinefelter
were able to identify a further 8 males with the same
condition.? They published their findings in the 1942
paper entitled “Syndrome characterized by gyneco-
mastia, aspermatogenesis without A-Leydigism and
increased excretion of follicle-stimulating hormone.”
Albright had let Klinefelter put his name first on the
publication and, consequently, the syndrome became
known as KS, although Klinefelter himself always
credited Albright with the discovery.

Later, the presence of additional chromatin in
Klinefelter males was discovered*® and ultimately in
1959 the defining 47,XXY karyotype was described
by Jacobs and Strong.® Today, some 4000 scientific
articles later, still much has yet to be described con-
cerning KS. For instance, it is still not known exactly
how the presence of an extra X chromosome causes
the phenotype and morbidity pattern seen in KS, while
in addition, issues concerning how to optimally treat
the syndrome need to be further clarified.

In this context, it is also of particular interest that
all the collected knowledge about KS is derived from
diagnosed cases comprising only about 25% of the
expected number of affected males.”® The fact that
just a fraction of the expected cases of KS are ever
diagnosed possibly underlines a central aspect of the
syndrome, namely, that it is apparently possible to live
what is considered a normal life, including having
an education, a career, a love life and perhaps even
a family, with KS without ever being diagnosed. The
low diagnostic frequency is, of course, also worth
considering when reviewing the scientific literature
regarding KS, since looking only at the perhaps most
clinically abnormal subset of patients potentially
introduces bias. However, with this is mind, it seems
that overall morbidity and mortality is increased in
KS.!! while the syndrome is additionally associ-
ated with an array of socioeconomic challenges,'*!

including an increased criminal conviction rate.'
The aim of this review, besides presenting a general
description of the syndrome, is to provide an overview
of the most important comorbidities associated with
KS and to specifically discuss how these are related
to key hormonal aspects of the syndrome, namely,
hypergonadotropic hypogonadism and testosterone
supplementation therapy.

PREVALENCE

KS is the most common male sex chromosomal
aneuploidy. The first estimate of the prevalence was
based on six studies in newborns from the 1960’s and
1970’s finding the prevalence of XXY to be 1 in 1000
males, the same as for the XXX and XYY karyotypes
(summarized by Hook and Hamerton).'> Danish reg-
istry studies have since described a prevalence of
KS somewhere between 153 and 173 per 100,000
males,”!® corresponding to approximately one in every
600 males being affected. Today, updated data show
that the prevalence of KS is about 150 per 100,000
males and more frequent than 47, XXX and 47, XYY
syndromes. Newer studies have also suggested that
the prevalence may even be increasing and have pro-
posed that the background could be an overall poorer
sperm quality associated with increased hyperploidy
of the sperm, with increased parental age possibly
also being part of the explanation.'”!®

Moreover, while not much is known about the
influence of geography or ethnicity on the prevalence
of KS, a recent Australian study found the prevalence
of KS in Victoria, Australia, to be 223 per 100,000
males.!” The authors speculate that this relatively high
prevalence might in part be due to a large proportion
of Australian citizens being of Asian descent. This last
hypothesis is based on the findings of another recent
study describing a prevalence of KS among Asians
of 355 per 100,000,% although, by contrast, a study
on Klinefelter prevalence in Japan found a somewhat
lower prevalence of KS at 60 per 100,000.%!

In this context, it is important to underline that
Klinefelter as such cannot be looked upon as a rare
condition (which is normally defined by an incidence
below 50 per 100,000) and that it is therefore reason-
able to state that any physician or health professional
will come in contact with the syndrome at some point,
either knowingly or unknowingly.
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DIAGNOSIS, PHENOTYPE AND GENETIC
BACKGROUND

Population-wide screening with routine karyotyp-
ing for detection of KS, Turner syndrome and other
sex chromosome anomalies is not done in newborns
anywhere in the world. Thus, diagnosis of KS is purely
dependent on a qualified clinical suspicion based on
often subtle clinical symptoms, with the most cardinal
of findings being small firm testes.’ Otherwise, the
syndrome is characterized by gynecomastia?* and
above average height with long limbs and abdomi-
nal obesity,” while it is important to emphasize that
the phenotype often resembles that of normal men.
Hence, using the current diagnostic practice only
about 25% of expected cases are ever diagnosed
and typically not until after late puberty.” Whether
it would be beneficial to introduce routine measures
for early diagnosis has yet to be clarified. However,
intuitively, an earlier diagnosis could give physi-
cians better options for preventing comorbidities and,
crucially, early identification of affected individuals
could benefit the neurocognition and socioeconomic
aspect of the syndrome.!* Thus, the need for pilot
studies applying population-based genetic screening
has been expressed to allow proper evaluation of the
costs and benefits of such an approach in KS.*

The genetic background of KS is the presence
of extra X chromosome(s), with 80% of affected
individuals having the 47,XXY karyotype and the
remaining cases presenting with either 47,XXY/46
XY mosaicism or multiple X chromosome aneuploidy,
often also with additional Y chromosomes.”* Fifty
percent of cases are caused by maternal non-disjunc-
tion during the first or second meiotic divisions or
even during mitosis in the developing zygote, while
the other 50% of cases are caused by paternal non-
disjunction during the first meiosis.>**’ The only
identified risk for conception of a Klinefelter fetus
is increasing maternal age due to increased meiotic
non-disjunction.'® Although genetic markers related
to the extra X chromosome have been investigated
for a possible effect on the Klinefelter phenotype, so
far no effect on the phenotype has been found related
to the pattern of X chromosome inactivation* 3¢
or parental origin of the extra X chromosome.***!
Nevertheless, one study found paternal origin to be
associated with later onset of puberty®> and another

observed a tendency towards an increased height to
arm span ratio.”

A more convincing genetic marker modifying the
Klinefelter phenotype, however, is the (CAG)n repeat
length of the androgen receptor gene. It is believed
that a high number of repeats are associated with a
low androgen receptor sensitivity*® for circulating
androgens, and it has been demonstrated in KS that
(CAG)n repeat length is positively associated with
height, height to arm span ratio, gynecomastia and
small testes,*** as well as arm length, arm span and
leg length.

Other candidate genes responsible for the Kline-
felter phenotype have been considered, especially the
growth-related short stature homeobox gene (SHOX)
situated on the X and Y chromosomes, since this
gene is implicated not only in growth retardation in
Turner syndrome but also in increased growth in syn-
dromes with sex hormone aneuploidy via the so-called
gene-dose effect.’ The reason is that this gene is not
subjected to the usual X chromosome inactivation,
which normally takes place in a female, but also to
the supranumerary X chromosomes in KS. However,
the vast majority of clinical characteristics present
in KS are not explained by the SHOX gene and the
other genetic mechanisms described above and we
therefore lack a comprehensive understanding of the
genotype-phenotype relation in KS. The current un-
derstanding of the X and Y chromosomes is based on
evolutionary research: the sex chromosomes evolved
from an identical pair of autosomes, whereas the X
chromosome has retained most of the original genes
(649 genes), the Y chromosomes has lost most and only
17 genes remain and are shared with the X chromo-
some. These mutual genes are involved in regulating
other genes throughout the entire genome.*” Bellott et
al recently showed that 12 of the remaining genes on
the Y chromosome, having identical or near-identical
haplotypes on the X chromosome, are needed in two
copies and could therefore play a vital role in Turner
syndrome.?” However, we hypothesize that these
genes could also be involved in the phenotype of KS,
where they are then present in 3 copies, and therefore
expressed thrice, due to their status as escape genes
and thus not subject to the usual inactivation of the
extra X chromosome, which also takes place in KS,
as it does in the normal female.
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Klinefelter males are traditionally considered in-
fertile®® but today some can achieve fatherhood by
means of testicular sperm extraction and in vitro fer-
tilization.'®3? This however has raised concerns about
the heritability of the syndrome, especially after the
finding of a small increase in the prevalence of KS
in the offspring of Klinefelter fathers.* Nevertheless,
it is still too early to draw any firm conclusions on
this matter.'®

HYPOGONADISM AND HORMONES

The hormonal consequences of the Klinefelter
karyotype is development of hypergonadotropic hypo-
gonadism with decreased levels of androgens causing
a feedback-mediated increased pituitary secretion of
follicle stimulating hormone (FSH) and luteinizing
hormone causing a relative increase in estrogen levels,
resulting in an elevated estrogen to androgen ratio.>*

The finding of an increased second to fourth fin-
ger ratio in KS gives indications that hypogonadism,
so central to the syndrome, is already during fetal
life affecting the fetus, giving rise to consequences
measurable in adulthood.?**! These findings correlate
well with the degeneration of seminiferous tubules
and hyperplasia of Leydig cells during fetal life,*®
as well as the increased prevalence of microphallus
and cryptorchidism seen in KS.* The full effect of
the apparent hypogonadal intrauterine milieu present
in KS is not as yet understood but could very well
also be exerting a negative influence, especially on
neurocognition and “masculinization” of the brain.*#*

Normally in newborns, a postnatal endocrine surge
with elevation of gonadotropins and sex hormones
will set in shortly after birth. This “mini-puberty”
and the resulting rise in testosterone in male infants
are believed to be crucial for growth of male external
genitalia and sperm production and may even affect
sexual motivation.* Studies in KS infants have found
the postnatal endocrine surge either to be attenuated
with low testosterone levels*+ or to present normal
testosterone levels.**® It is seems, however, that the
“mini-puberty” in KS does follow a male pattern, with
FSH levels peaking at 2-3 months of age, followed
by a subsequent rapid decline*® and not as in females
remaining at an elevated plateau for some years.*

As such, hypogonadism is not particularly clini-

cally evident in KS until the beginning of puberty, and
the lack of hypogonadism-related symptoms during
childhood is also one of the reasons for the often
significant diagnostic delay. The onset of puberty in
KS occurs at the same time as in normal boys*’ with
some enlargement of the testes.”> However, starting
in midpuberty the testes shrink again and the andro-
gen levels remain low in spite of increasing LH and
FSH,* with the gonadotropins ultimately reaching
the hypergonadotropic levels seen in adult KS.* The
resulting hypergonadotropic hypogonadism seen in
adult KS is, on the other hand, varied and somewhat
relative to testosterone levels typically in the subnormal
or low normal range.>>' Estrogen levels are raised
early during puberty and remain slightly elevated in
comparison with controls,’®*? but can also be normal.

TESTOSTERONE TREATMENT

Long-term male hypogonadism comprises a sig-
nificant health risk by introducing a vicious circle of
insulin resistance and obesity further worsening the
hypogonadism and, along the way, leading to comor-
bidities, including loss of muscle and bone mass, the
metabolic syndrome and type 2 diabetes which again
entails further comorbidity as, for instance, heightened
blood pressure and cardiovascular disease but also a
markedly decreased quality of life.”* Thus, in most
cases of KS testosterone treatment is recommended ac-
cording to current guidelines on androgen deficiency>
to prevent this vicious circle from either occurring or
running out of control.>>>3¢ Testosterone treatment in
non-Klinefelter hypogonadal males has been used for
more than 70 years and has proved beneficial regard-
ing obesity, blood pressure, glycemic control, bone
mineral density, muscle mass and overall mortality
as well as quality of life.**” Although studies on the
effect of testosterone treatment in KS are few, the
general consensus dictates that most men with KS
should have testosterone treatment offered to them
sometime around puberty with a target testosterone
level in the high normal range.*® However, there are no
large randomized placebo-controlled studies available
to date to justify this assessment, and as a result the
timing of initiation of testosterone treatment in KS
still represents an area for further investigation, since
indications of a possible benefit from testosterone
treatment already during infancy have also been put
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forward.**° Specifically, new studies with treatment
early in life have shown promising results in improv-
ing behavior® and neurodevelopment®' and could thus
have an overall positive effect on social integration.

Of note, from observational and nonrandomized
studies some positive effects of testosterone treatment
in KS have been documented, including improved
libido, decreased fatigue, improved endurance and
strength and also an overall improved mood with
less irritability and better sleep.®*®* The impact of
testosterone treatment in relation to specific disease
entities is discussed separately below.

Current guidelines for testosterone treatment of
hypogonadal men recommend against such therapy
in men with breast or prostate cancer or symptomatic
heart failure.’* As discussed below, KS seems to be
associated with an increased risk for breast cancer
and morbidity in general, but, to our knowledge, only
one study has as yet directly aimed at investigating
the safety of testosterone treatment in KS, while
additionally considering other possible adverse ef-
fects including erythrocytosis, sleep apnea and also
possibly aggressive behavior. In this retrospective
evaluation of testosterone treatment in 110 Klinefelter
no adverse events attributable to testosterone treat-
ment were recorded.®® However, most of the study
subjects also received aromatase inhibitor treatment
and, furthermore, the subjects were all relatively young
and followed up for only 5 years and, therefore, any
cases of, for instance, breast cancer and other disease
entities occurring later in life would not be expected.

MEDICAL CONDITIONS ASSOCIATED WITH
KLINEFELTER SYNDROME

Morbidity and mortality

As already mentioned, hypogonadism is relevant
to the etiology of many disease entities found with
a higher than normal incidence in KS.” However,
overall morbidity and mortality in KS is increased
for disease entities covering practically the entire
ICD-10 range, and, hence, also for conditions not
directly related to hypogonadism.® KS leads to more
frequent hospitalization and a lifespan truncated by
approximately 2.1 years.® The background for this
increased mortality is not thus far well understood
and the question remains whether it is attributable

to the syndrome itself or is mainly a consequence
of increased morbidity and, specifically, living with
low testosterone levels, since a recent review of tes-
tosterone and mortality finds low testosterone to be a
biomarker for increased mortality in normal males.*
Below, separate disease entities relevant to KS are
discussed in relation to incidence-, etiology- and
disease-modifying effects of the hormonal profile
characteristic of the syndrome.

Cancer

Based on epidemiological studies of morbidity
and mortality, the overall cancer risk in KS is com-
parable to that of the general male population.®’
By contrast, the distribution of individual malignant
entities differs between Klinefelter males and normal
males, with higher incidences of germ cell tumors
and breast cancer and a lower incidence of prostate
cancer in KS.%® Evidence for an association with other
malignancies, especially leukemia and Non-Hodgkin
lymphoma, has so far been equivocal.®® However, due
to the rarity of KS in combination with the prevalence
of individual malignant entities, the existing data
should be regarded carefully.

Extragonadal Germ Cell Tumors

Extragonadal Germ Cell Tumors (GCT) are very
rare and develop in the midline, most often located
in the mediastinum.®-"° A markedly increased occur-
rence of GCT in KS has been demonstrated in both
epidemiological and pathology based studies.®® The
tumors are believed to be caused either by abnormal
migration of germ cells during embryogenesis or to
arise from primordial thymic cells or even be the result
of reverse migration of carcinoma in situ cells from
the gonads.””" In KS, GCTs have been found to be
of primarily the non-seminomatous subtype and to
debut at a younger age than in normal males.” The
background for this elevated incidence of GCTs in
KS has not been studied, but it has been speculated
that germ cell migration during fetal life is affected by
changes in embryonic hormone exposure.®® Nonethe-
less, this is purely speculative as the etiology behind
the condition as such is largely unknown with no
apparent evidence so far linking either hypogonad-
ism or testosterone treatment to an increased risk of
developing GCT. It is of interest though that non-
seminomatous GCTs are apparently associated with an



S. CHANG ET AL

increased occurrence of hematological malignancies,
especially leukemia.” The increased risk for GCTs
in KS, however, does not compellingly translate to a
concomitantly elevated risk for leukemia.”

Breast Cancer

Male breast cancer is rare with an incidence of
approximately 1 per 100,000 and accounting for
only 1% of all breast carcinomas, although the inci-
dence, and notably in women, has been increasing
in recent years.”>’® Observations suggesting that KS
could represent an independent risk factor for male
breast cancer were first published as early as 1955.7
However, perhaps due to the rarity of breast cancer
in KS, epidemiological studies of morbidity and
mortality have either not been able to reproduce this
association®’® or have found the risk to be elevated
as much as 60-fold compared with normal men.®” On
the other hand, meta-analyses of data concerning the
incidence of male breast cancer from case reports
and epidemiological data find the incidence of breast
cancer in KS to be increased 4 to 30-fold compared
with normal men.”® This makes KS the strongest
independent risk factor for breast cancer in the male
population.?! Mean age of onset of breast cancer in
KS is 58 years of age®? with mean age at diagnosis
among normal men being 67 years of age.”

There are, however, to date no studies specifically
investigating etiology or presence of other risk factors
in cases of breast cancer in KS, and possible explana-
tions for the observed increased risk are thus based on
experience from normal men and women. Nevertheless,
several obvious conditions related to KS are worth
considering in connection with breast cancer risk, and
first and foremost the presence of hypergonadotropic
hypogonadism that causes a skewed balance between
estrogens and androgens. KS presents with relatively
elevated levels of estrogens and there are abundant
clinical data that high endogenous estrogen levels are
associated with an increased risk for breast cancer in
both premenopausal®® and postmenopausal women;**
likewise, administration of exogenous estrogens to
males has been found to also increase the risk.® The
role of androgens in relation to breast cancer risk
seems to be more complex, although a loss of tes-
ticular function, for instance caused by maldescensus,
orchitis, testicular injury or orchiectomy, has been
found to elevate the risk for breast cancer in males.

On the other hand, high androgen levels in women
have also been linked to an increased breast cancer
risk.®*%7 Moreover, a small study of 45 males on
long-term administration of exogenous testosterone
observed an increased risk for male breast cancer.®®
In KS, exogenous testosterone could be linked to an
increased risk for breast cancer via increasing conver-
sion of testosterone into estrogen by aromatization.
Also, as a consequence of hypogonadism, Klinefelter
males tend to be obese?® with a high prevalence of the
metabolic syndrome,*! which again leads to increased
aromatization of androgens® potentially raising the
risk for breast cancer. A possible association between
the metabolic syndrome and breast cancer risk in
women has recently been demonstrated.’® In addition,
interestingly, epidemiological data suggest that the
incidence is highest for men with the 47, XXY/46,XY
mosaic karyotype which again could speculatively be
caused by differences in aromatization.®’

Gynecomastia, present in approximately one third
of Klinefelter males, does not seem to represent an
independent risk factor for breast cancer in males®!
but could be related to the risk as a pseudomarker of
increased estrogen levels.*?

Finally, it has also been proposed that the increased
risk for breast cancer in KS can be attributed simply
to the presence of an extra X chromosome, caus-
ing Klinefelter males, by some at present unknown
mechanism, to inherit the same predisposition to this
disease as seen in women.”

Prostate Cancer

The discovery of KS happened at more or less the
same time as the discovery of an androgen dependency
of prostate cancer,”* and today androgen depriva-
tion therapy is a cornerstone in the treatment of this
frequent malignancy in males. One could therefore
assume that Klinefelter males would be protected
from prostate cancer due to hypogonadism. Indeed,
a lower than expected number of prostate cancer
cases was registered in an epidemiological study
of 696 Klinefelter males.”® Furthermore, a reduced
incidence of and mortality from prostate cancer has
been demonstrated” also in a larger cohort.®’” In ad-
dition, very few cases of prostate cancer in KS have
been presented and only concomitantly with other
malignancies,””® or as representing extragonadal
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germ cell tumor,”” or in relation with testosterone
treatment.’®” However, the association between KS
and prostate cancer appears to be complex. The larg-
est analysis to date of data concerning the effect of
endogenous sex hormones on prostate cancer risk
comparing results from 18 prospective studies was
not able to demonstrate any association between either
androgens or estrogens and prostate cancer risk.'®
On the other hand, obesity with an increased waist-
hip ratio and elevated insulin levels, associated with
hypogonadism and KS, has been found to increase
the risk for prostate cancer.'?!:192

The association with testosterone treatment pre-
sented in two cases of prostate cancer in KS**% could
be purely coincidental since most Klinefelter males
are receiving this treatment. Meanwhile, evidence
from randomized trials has not been able to establish
any increased risk for prostate cancer attributable to
testosterone treatment.!”® However, no study has so
far been adequately designed to fully elucidate this
matter in normal males, let alone in KS.

Prostate specific antigen levels and prostate vol-
ume in both untreated and treated Klinefelter are well
within the normal range, with prostate volume being
slightly decreased compared with controls.'™

METABOLISM

Central to the theory of a vicious circle leading
to severe morbidity on the basis of hypogonadism in
males is development of abdominal obesity followed
by insulin resistance, ultimately causing diseases such
as the metabolic syndrome and type 2 diabetes.>® This
series of events is well-described in normal males®® and
abdominal obesity has consistently been found to be a
characteristic trait in adult KS, as shown in two recent
studies.?>!% Furthermore, the epidemiological studies
on morbidity and mortality have all found increased
incidence of diabetes in KS,%!-% while the incidence
of the metabolic syndrome is also observed to be not
only increased but indeed associated with abdominal
obesity and hypogonadism.*"!'% The question then
remains whether the increased incidence of diabetes
and the metabolic syndrome is further attenuated by
the Klinefelter karyotype itself or whether it is merely
an effect of hypogonadism and obesity. So far this
question has not been adequately answered. However,

when considering studies on obesity, it is important to
note that the use of BMI to compare results from the
normal male and the Klinefelter populations might
not be appropiate due to an unfavorable muscle-to-
fat ratio in KS. It has been shown that for any given
BMI, abdominal fat is increased in KS compared with
controls**! The build-up of abdominal fat and conco-
mittant sarcopenia with loss of lean mass is, however,
a feature of other types of male hypogonadism,® but
whether these changes are more pronounced in KS
has not so far been investigated, although the find-
ing of an increased body fat mass in KS even before
puberty could support such a theory.!”

In normal men presenting with abdominal obesity
and hypogonadism, testosterone treatment has been
found beneficial in reducing abdominal fat deposition
and increasing lean mass and muscle strength.*® Further
corroboration of an additional effect of the Klinefelter
karyotype besides the effects of hypogonadism in
upholding an unfavorable metabolic state could come
from one study finding no change in BMI or weight
in 19 Klinefelter males who, treated with testosterone
injections for 48 weeks, reached normal testosterone
levels.!”® However, the relatively short follow-up in
this study might not be sufficient to detect changes
in fat deposition that build up over several years. By
contrast, in cross-sectional studies, no effect on BMI,
body fat mass or body fat percentage was observed
comparing treated and untreated KS in adolescents,'"’
and in a study of 70 Klinefelter males of whom 50%
were treated with testosterone, no effect was seen on
BMI, waist circumference or weight, although body
fat percentage and truncal fat percentage tended to be
reduced in the treated group (P-value of 0.08 and 0.11,
respectively).’! Moreover, a recent study examining
132 Klinefelter males found no difference in weight,
BMI or waist circumference between the treated and
untreated groups (73% treated).'™ Another recent study
including 73 Klinefelter males also noted no difference
in weight, BMI, waist circumference, abdominal fat
mass, lean body mass or total fat mass comparing the
treated (68%) and the untreated group. In this study
total body fat percentage and hip circumfernece was,
however, reduced in treated versus untreated KS.?*

Thus, there is a need for longitudinal controlled
studies with a standardized testosterone treatment and
long follow-up to better distinguish the effects of the
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karyotype, hypogonadism and testosterone treatment
on metabolism. Furthermore, the metabolic syndrome
has been found to be approximately at 5-fold higher
incidence in KS compared with age-matched controls,
with 46% of Klinefelter males fullfilling criteria for
the metabolic syndrome.*' This reported incidence of
the metabolic syndrome in KS seems also to be higher
than in other populations of hypogonadal males, with
one study finding the metabolic syndrome in 27% of
unselected hypogonadal males'” and another study
reporting an increased odds ratio of 2.3 for men with
testosterone levels in the lowest quartile.!!® In addi-
tion, some gene dose effect of the X chromsome in
Klinefelter is to be considered regarding the incidence
of the metabolic syndrome. The overall incidence is
comparable between men and women, although in
certain ethnic populations incidence of the metabolic
syndrome is increased as much as 50% in women,!!!
while newer data furthermore find that the overall
prevalence is increasing, and, interestingly, especially
in women.'"?

Overall, it seems likely that the metabolic conse-
quences of KS are, to a large extent, driven by the
resulting hypogonadism, but also that another and so
far unknown effect is in play. Larger studies evaluating
the effect of testosterone treatment on reversing the
metabolic changes in KS and comparing KS popula-
tions with other populations of hypogonadal males
and controls are required to gain further insight into
this matter.

CARDIOVASCULAR DISEASE

Cardiovascular morbidity is central in KS, being
associated with an increased overall cardiovascular
morbidity and mortality.’!":6>95113 Effects related to
hypogonadism and the metabolic syndrome could
shed some light on this association, though a good
deal of information is still lacking. Cardiovascular
malformations are common in another of the sex
chromosome anomalies, Turner syndrome,!'*!'> and
also in trisomy 13 (Patau’s syndrome), 18 (Edwards
syndrome) and 21 (Down’s syndrome).!'® Collected
evidence of a high number of such malformations
in KS has not been presented and is limited to only
a few case reports.!'”!"® However, a markedly in-
creased prevalence of mitral valve prolapse has been

described, "2 though it has not been confirmed in
more recent studies.”!?"12?2 Echocardiographic studies
evaluating the function of the heart has consistently
found impaired diastolic function in KS.'?"!22 [n the
study by Andersen et al, decreasing diastolic function
was observed, along with decreasing free testoster-
one, also to be associated with increasing truncal fat
and fasting plasma glucose levels.!?! In the study by
Pasquali et al, the diastolic dysfunction was seen to
impair cardiopulmonary performance causing chro-
notropic incompetence, i.e. inability of the heart to
increase its rate commensurate with increased activ-
ity or demand.'* In the study by Andersen et al, a
significantly reduced mean left ventricular long axis
function associated with increasing truncal fat and
decreasing free testosterone was also demonstrated.
These findings were most pronounced in individuals
with the metabolic syndrome, with left ventricular
function in Klinefelter males without the metabolic
syndrome comparable to control subjects.!*! In the
study by Pasquali et al, left ventricular function
evaluated by echocardiography was comparable
to that of normal controls.'?> Furthermore, in the
study by Pasquali et al, the finding of chronotropic
incompetence was consistent in both treated and
non-treated KS, indicating that testosterone treat-
ment did not normalize the condition,'?* this however
conflicting to some extent with the findings of an
association between reduced heart function and re-
duced androgenicity in the study by Andersen et al.'?!
What is more, it has been established that diastolic
dysfunction exhibits a strong association with atrial
fibrillation,'? albeit no reliable data on the incidence
of atrial fibrillation or other arrhythmias in KS are
to date available.

A short QTc interval, evaluated by ECG, has been
found in KS and moreover, further shortening of the
QTc interval in testosterone treated individuals.'?* Short
QTc-syndrome is associated with cardiac arrhythmias
and cardiac arrest, and, indeed, in the study the patient
with the shortest QTc interval suffered cardiac arrest
against the background of ventricular fibrillation.'**
Furthermore, observations of increasing incidence of
atrial fibrillation in aging males could partially be at-
tributable to decreasing androgen levels'® and, in fact,
a study found lower testosterone levels in males with
isolated atrial fibrillation compared with controls.!?
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Overall, also considering obesity, diabetes and the
metabolic syndrome being risk markers for atrial
fibrillation,'? it seems reasonable to hypothesize an
increased incidence of atrial fibrillation in KS. The fact
that testosterone treatment could imply an increased
risk for atrial fibrillation has been postulated on the
basis of cases associated with anabolic steroid use
but has yet to be properly investigated.'?’

Also importantly, KS patients exhibit an increased
proneness to thrombosis. Compelling evidence for
an increased frequency of venous thromboembolic
disease in KS has been presented. Campbell and Price
demonstrated an increased frequency of deep vein
thrombosis (DVT) and pulmonary embolism (PE)
compared with expected incidence rates in an obser-
vational study of 412 Klinefelter males.!"* Swerdlow
et al found a standardized mortality ratio (SMR) of
5.7 for PE and 7.9 for unspecified peripheral vascular
disease in a British cohort of 3518 Klinefelter males, !
while Bojesen et al demonstrated a hazard ratio of 3.60
for PE and 6.63 for DVT in a cohort of 832 Kline-
felter males in a registry study of hospital discharge
diagnoses.” Additionally, almost 30 case reports of
severe venous thromboebolism (VTE), i.e. DVT and/
or PE in KS, have been presented.!?”-13° Furthermore,
an up to 30-fold increase in the prevalence of leg
ulcers is reported in KS'3! with available evidence
pointing to a connection between leg ulceration and
a high risk for DVT."3?

The risk for arterial thrombosis is also increased
in KS, although the evidence is currently somewhat
equivocal. In the British cohort, mortality was signifi-
cantly increased from cerebrovascular disease (SMR
2.2), though on the other hand, significantly decreased
from ischemic heart disease (SMR 0.7).!! In the Dan-
i1sh cohort, a hazard ratio of 2.15 for ischemic heart
disease was observed for Klinefelter males compared
with controls.” Meanwhile, an insignificantly increased
hazard ratio of 1.19 (0.78 — 1.81) for cerebrovascular
disease was seen.

The background for the thrombosis proneness in
Klinefeleter syndrome is not thus far understood. In
general, the etiology behind thrombotic disease is
multifactorial and depends on a disturbance of the
delicate haemostatic balance, as defined by Astrup.!'3>!34
For VTE, the etiology is further characterized by

Virchow’s triad of stasis, endothelial dysfunction
and hypercoagulability.'**> Several factors related
to KS and the vicious circle of hypogonadism, as
described above, could contribute to a disturbance
of the hemostatic balance, thus increasing the risk
for thrombosis. In particular, obesity, the metabolic
syndrome and diabetes that are common in KS could
raise the overall risk for thrombosis.!**!37 Specifically,
high BMI and low testosterone are associated with
increased levels of the plasminogen activator inhibi-
tor-1 (PAI-1) leading to defective fibrinolysis.'*%!3?
Fibrinolysis in KS, however, has never been thoroughly
investigated, even though one study demonstrated
higher PAI-1 in 7 Klinefelter males with leg ulcer-
ations compared to 6 Klinefelter males without leg
ulcerations,'* and a recent study indeed demonstrated
higher PAI-1 levels in KS compared with both male
and female controls.'” However, PAI-1 was seen to
be positively correlated to weight,'*! for which the
controls were not matched, while the higher PAI-1
observed in Klinefelter syndrome could simply be
a pseudomarker for the also significantly increased
weight.'® Interestingly however, the PAI-1 level was
comparable between testosterone treated and untreated
Klinefelter males, indicating that men with higher
PAI-1 levels, and consequently defective fibrinolysis
in Klinefelter, do not exhibit the same testosterone
dependency as seen in normogonadic or even hy-
pogonadotrophic hypogonadic men.!%!3% What is
more, the overall increased morbidity in Klinefelter
is hypothesized to play a role due to the increased
risk for thrombosis seen with inflammation as in
inflammatory bowel disease'** and the incidence of
infections as well as rheumatologic diseases which
appear to be increased in KS.

Arteriosclerosis is also important in the etiology
of both VTE and cardiovascular disease.'** No large
scale studies have to date investigated the incidence
of arteriosclerosis in KS, but an increased intima
media thickness of the carotids, associated with arte-
riosclerosis, has been demonstrated.'?? Furthermore,
other factors like dyslipidemia, also often present in
KS, could contribute to formation of arteriosclerotic
plaques in KS. An independently arteriosclerosis-
promoting effect of low testosterone, though not
clearly demonstrated, has been hypothesized on the
basis of animal studies and population studies on
cardiovascular death in males.®
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In addition, the relatively high estrogen levels in KS
could be of importance, since both high endogenous
estrogen and administration of exogenous estrogen are
associated with an increased risk for thrombosis. !4
Correspondingly, increasing evidence for testosterone
deficiency as a risk factor for cardiovascular disease
has been proposed,”-'*¢ although results from some
major studies, perhaps most prominently The Fram-
ingham Heart Study, have not been able to demon-
strate any association between sex hormone levels
and cardiovascular disease.*®'¥” Conversely, recent
studies have also indicated a possible contribution
of testosterone treatment to the risk for both VTE®
and cardiovascular disease.'*'>? The studies associat-
ing testosterone treatment with an increased risk for
cardiovascular disease have, however, been profusely
critized for flaws in design and statistical methods
and it has been pointed out that beneficial effects of
testosterone therapy have been demonstrated in rela-
tion to many traditional cardiovascular risk factors.”’

Moreover, although the exact associations are not
currently understood, a markedly reduced risk for
cardiovascular disease is seen in women compared
with men,'>* and this gender effect could possibly
play a role in sex hormone anuploidies.

Finally, based on case studies, a potential role of
increased platelet aggregation associated with thrombo-
sis in KS has been proposed. #1341 The likelihood of
such an association is supported by increased platelet
aggregation seen in type 2 diabetes'*® and findings
indicating that testosterone directly inhibits platelet
aggregation by increasing nitric oxid release from
the vascular endothelium.!>” However, conversely,
administration of testosterone to healthy males has
also been found to increase platelet aggregation by
increasing thromboxane A2 receptor density.!'s®

BONE DISEASE

In women, a close tie exists between bone loss
and estrogen deficiency, whether pre- or postmeno-
pausal.'”® Correspondingly, the same association
between loss of bone mass and low estrogen levels
has been demonstrated in men, mainly during pu-
berty.'®*!®! The effect of testosterone on maintaining
bone health is exerted both directly by binding to
the androgen receptor expressed in bone cells, but

also by conversion to estrogen by aromatization.'!

Thus, low testosterone levels would predispose to
development of ostepenia, and indeed several stud-
ies have confirmed this association.'*!> However,
other studies have not been able to demonstrate any
association between testosterone and bone mineral
density (BMD).!'¥” The question then is, what role
does the hypogonadal setting play in KS in relation to
bone health? The ultimate consequence of poor bone
health is, inevitably, fractures, and epidemiological
data have found an overall increased incidence of
fractures, and especially osteoporotic fractures, as
well as increased mortality associated with femur
fractures in KS.%!'% Further, an 8-fold increase in
incidence of osteoporosis is reported in KS compared
with that in normal males.®® This again corresponds
well with studies finding decreased BMD in several
Klinefelter populations®®'%* and indications of both
reduced bone formation and increased bone resorp-
tion associated with the syndrome.'** However, that
lowered testosterone levels should be a independent
predictor for low BMD and osteoporosis in KS has yet
to be established, as only associations between BMD
and pseudomarkers, e.g. decreased muscle strength
or 250H-vitmain D, have so far been presented.'¢>-1%

Low levels of 250H-vitamin D are commonly
found in male hypogonadism and are believed to
be caused by insufficient expression of a vitamin
D activating enzyme in the testes. A recent study
of 127 Klinefelter males detected no association
between lumbar or femoral BMD but demonstrated
positive correlations for 250H-vitamin D and lumbar
and femoral BMD.!%® Furthermore, the study con-
firmed findings from other studies demonstrating a
comparable incidence of low BMD in hypogonadal
Klinefelter males compared with Klinefelter males
with normal testosterone levels.'®”1®® Another study
additionally demonstrated low 250H-vitamin D in
70 Klinefelter males compared with controls.'®® In
this study yet another possible marker of bone heath,
insulin-like factor 3 (INSL3), was observed to be
reduced in Klinefelter males who also had lowered
BMD. However, no correlation between INSL3 and
BMD was seen.!®

Furthermore, no effect on BMD of the CAG repeat
length polymorphism in the androgen receptor has so
far been convincingly demonstrated in KS.**!” Based
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on the knowledge that testosterone is particularly im-
portant for bone formation during puberty in males, it
is then relevant to hypothesize that the reduced BMD
observed in adult KS might not be strongly related
to the adult testosterone level but rather conditioned
by a relatively more severe testosterone deficiency
in the critical years around puberty, and that these
changes are never compensated for due to continued
hypogonadism. This is supported by studies showing
that testosterone treatment in adulthood does not seem
to normalize BMD, %! while, on the other hand, one
study determined that Klinefelter males treated with
testosterone before the age of 20 are more likely to
exhibit normal BMD than those treated later in life.'”!

In addition, one study found that treatment for
24 months with vitamin D (n=8) was superior in
improving BMD compared with testosterone treat-
ment (n=12) in Klinefelter males,!*® although in this
study the testosterone supplementation seems not to
have been sufficient. However, the small number of
treated patients in the groups inhibits generalization of
the results and underlines the need for further studies
in order to determine the optimal treatment regimen
for not only preserving adult BMD but also securing
sufficient bone formation during puberty. The role of
estrogens should also be considered. Estradiol levels in
KS are often higher than in normal males and further
elevated by testosterone treatment, hence the balance
between estrogen and androgen could be especially
important in determining BMD in KS.

IMMUNOLOGIAL DISEASES

Normally, the incidences of autoimmune diseases
are highest in women due to estrogens-mediated en-
hancement of the immune response while androgens
act as suppressors.'’ On that basis, an association
between KS and susceptibility towards immunologi-
cal disease could be hypothesized. However, so far
epidemiological studies have not been able to clearly
demonstrate an increased incidence of autoimmune
disease in KS. Nevertheless, this could be due to lack
of statistical power for the purpose of, for instance,
establishing incidence of systemic lupus erythematosus
(SLE).® However, case reports of rheumatic disease
in KS are plentiful, especially concerning SLE.!7*-173
Of note, one study found a more than 13-fold higher

than expected prevalence of KS in a population of
213 men with SLE.!” Furthermore, justification for
hypothesizing an increased incidence of autoimmune
disease in KS is supported by evidence pointing to an
association between the risk for such disease and a
low androgen-to-estrogen ratio and a gene dose effect
related to the X chromosome,!”®'”” both of which are
important features of KS. On the other hand, it is also
worth noting that inflamed tissue in itself is capable
of increasing macrophagal conversion of testoster-
one to estradiol, this complicating understanding of
hormonal cause and effect in autoimmune disease.!”

The female-to-male incidence of SLE peaks at
9:1 in the reproductive years,'”® while one study has
found the calculated incidence rate of SLE in KS to
be comparable to the incidence in women and decid-
edly higher than in normal males.'” The authors of-
fer further evidence of an X chromosome gene dose
effect by proposing the notion that SLE is virtually
unreported in Turner syndrome.'” Furthermore, the
presence of SLE-predisposing gene variants located
on the X chromosome (IRAK1, MECCP2, TLR7)
could give additional support for a gene dose effect.!”

The association between endogenous sex hor-
mones and development or severity of SLE is not
thus far completely understood, although some stud-
ies have reported a higher incidence in women with
higher estrogen levels.!”® Also, an early menarche
and use of estrogen-containing contraceptive agents
or postmenopausal estrogen supplementation have
been observed to as much as double the risk for
SLE in women.'” Testosterone treatment has been
found to reduce the severity of SLE in KS, ¥ while,
in the same line of evidence, one small study has
reported a high incidence of KS in a group of males
presenting autoimmune disease and hypogonadism
concomitantly.'® Lastly, total and free testosterone
in males with rheumatic arthritis has been seen to
be decreased, while testosterone treatment, on the
other hand, decreased the severity of acute episodes
of the disease.'”

To our knowledge, only one study, looking specifi-
cally at the immunological features of KS, has observed
higher levels of immunoglobulins, interleukins and
certain clusters of differentiation of positive cells
in untreated KS compared to matched controls; it
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furthermore demonstrated a reduction in these levels
after 6 months of testosterone treatment.'®?

We have described lower free T4 levels in a large
group of Klinefelter males in comparison with a
matched control group, but with normal levels of TSH
and free T3 levels and also normal thyroglobulin and
thyroid peroxidase antibodies, and have suggested
that these findings could be viewed as compensated
hypothyroidism secondary to hypothalamic-pituitary
dysfunction.'®® In comparison with the situation in
Turner syndrome, where about 50% of patients de-
velop autoimmune hypothyroidism,'® it is striking
that thyroid function largely seems to be normal in
KS and not to pose a common clinical problem.

Overall, there appear to be indications of a possible
connection between KS and susceptibility towards
autoimmune disease; however, the evidence is still
scant and interpretation of, for instance, epidemio-
logical data should also incorporate the possible
disease-modifying effects of testosterone treatment.

PERSPECTIVE

KS, although not rare, is severely underdiagnosed,'®®
even though the consequences of being born with
the 47,XXY karyotype are extensive, covering all
aspects of life, from learning disabilities and poor
social integration to infertility and increased morbid-
ity with a reduced lifespan. We have, however, only
recently begun to understand the deeper consequences
inherent in the syndrome and key questions as yet
remain unanswered. Firstly, the genetic mechanism
driving the distinct phenotype is not at present fully
understood. It seems obvious that the presence of an
extra X chromosome must form the basis, but our
understanding of how exactly this aneuploidy is ca-
pable of exerting such pervasive changes is lacking.
Secondly, the optimal treatment regimen for ensuring
the highest possible quality of life with KS has yet to
be established. So far, treatment has mainly focused
on replenishing testosterone deficiency by means of
supplementation. However, high quality studies on
the effect of this treatment in KS are few and central
issues such as the target level for testosterone and
the best timing for initiation of treatment are still to
be elucidated. Epidemiological studies of morbidity
and mortality in KS presented to date have, how-

ever, not been able to separate treated and untreated
males, while it will of course be of great interest to
gain insight, also on the epidemiological scale, into
the capability of long-term testosterone treatment
to modify disease and mortality. Nonetheless, the
scientific evidence seems more and more to support
the claim that KS is more than just hypogonadism. It
will thus be interesting to follow the continued quest
for deeper understanding of cause and effect.
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