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Abstract
Context: Klinefelter syndrome (KS) is underdiagnosed, undertreated, and associated with metabolic dysfunction.

Objective: \We compared incidences of metabolic disorders among men with KS, either undiagnosed (U-KS), diagnosed and untreated (D-KS), or
treated with testosterone replacement therapy (T-KS).

Methods: This was a national Danish registry-based study from January 1994 to December 2022. We computed hazard ratios (HR) for incidence
and severity of metabolic disorders between risk set matched strata of U-KS, D-KS, and T-KS and male control individuals. We evaluated the effect
of parenteral vs transdermal testosterone supplementation on incidence of metabolic disorders in T-KS, applying inverse probability weighting.

Results: \We included 508 age-matched strata of U-KS, D-KS, and T-KS, and included 46 241 male controls. Incidence of metabolic conditions
was more than 2-fold increased in KS, including type 2 diabetes (HR 2.56 [1.85-3.44]). U-KS presented with the most severe metabolic
phenotype, with more obesity and more late-stage diabetes complications compared with T-KS (HR 2.83 [1.33-6.02]). All-cause mortality
following diagnosis of type 2 diabetes was increased in D-KS compared with controls (HR 1.77 [1.28-2.45]), but nondifferential for T-KS and
controls (HR 1.30 [0.68-2.48]). We saw a pattern of less obesity and type 2 diabetes, but more hypertension and hypercholesterolemia, with
parenteral vs transdermal testosterone supplementation in T-KS.

Conclusion: The metabolic profile in men with KS is dependent on diagnosis and treatment status, with pronounced metabolic dysfunction in
U-KS. Better diagnosis and treatment of KS are needed to alleviate metabolic dysfunction and improve survival in men with KS.

Key Words: epidemiology, hypogonadism, Klinefelter syndrome, metabolism, sex chromosomes, testosterone replacement therapy, type 2 diabetes

Abbreviations: aDCSI, adapted Diabetes Complications Severity Index; ATC, Anatomical Therapeutic Chemical classification; D-KS, diagnosed Klinefelter
syndrome not receiving testosterone; GLP-1, glucagon-like peptide 1; HbA1c, glycated hemoglobin; HR, hazard ratio; ICD, International Classification of
Diseases; KS, Klinefelter syndrome; LDL, low-density lipoprotein; T2DM, type 2 diabetes mellitus; T-KS, diagnosed Klinefelter syndrome treated with

testosterone; TRT, testosterone replacement therapy; U-KS, undiagnosed Klinefelter syndrome.

Klinefelter syndrome (47,XXY, KS) is challenged by an un-
favorable metabolic profile (1). The clinical metabolic pheno-
type, characterized by increased body fat deposition,
dyslipidemia, and insulin resistance, further extends to in-
creased rates of metabolic diseases among men with KS (1,
2). KS is only diagnosed in about 25% to 35% of cases (3),
and it has been suggested that metabolic dysfunction could
predict the diagnosis of KS. Recently, however, elevated rates
of metabolic diseases have also been demonstrated in undiag-
nosed men with KS, underlining the ubiquitous nature of
metabolic dysfunction in KS (4, 5).

Hypogonadism, occurring in virtually all men with nonmo-
saic KS, has been believed to be the main pathophysiological
reason for metabolic dysfunction in KS (1). However, the
chromosomal alteration involving an additional X chromosome
may induce widespread changes in the global genomic land-
scape in men with KS that are related to metabolic function

independently of hypogonadism, explaining the insufficient res-
cue of normal metabolism in men with KS receiving testosterone
replacement therapy (TRT) (1, 6-9).

Recently, using national Danish health registries, we demon-
strated that long-term TRT is associated with an almost 50% re-
duction in mortality among men with KS (10). Physiologically,
it is reasonable to hypothesize that the increased anabolic poten-
tial obtained through TRT would be beneficial for the metabolic
profile. However, data supporting this hypothesis remain lim-
ited, with mostly cross-sectional and short-term longitudinal
studies supporting beneficial effects of TRT in male hypogonad-
ism, especially regarding cardiometabolic risk and mortality
(11). Conducting large randomized controlled TRT trials has
proven difficult, and for example, the recent TRAVERSE study,
challenged by short follow-up and a substantial nonadherence
in both study arms, only demonstrated noninferiority of TRT
regarding cardiovascular outcomes (12). Conducting a large

Received: 12 August 2025. Accepted: 7 November 2025. Corrected and Typeset: 28 November 2025
© The Author(s) 2025. Published by Oxford University Press on behalf of the Endocrine Society.

GZ0z 1equiaoa g0 uo Jasn Aseiqi] meT elulbaip o Ajsieniun Aq 61.G€ZE8/6 L 9iebp/wauld/0LzZ L 0L /10p/a|o1ue-aoueApe/wadl/woo dno-ojwapeoe//:sdpy wolj papeojumoq

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https:/creativecommons.
org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered
or transformed in any way, and that the work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for
reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information
please contact journals.permissions@oup.com. See the journal About page for additional terms.


https://orcid.org/0000-0003-1130-3659
https://orcid.org/0000-0002-9341-3888
https://orcid.org/0000-0001-9178-4901
https://orcid.org/0000-0001-9185-1342
https://orcid.org/0000-0001-5924-1720
mailto:simon.chang@clin.au.dk
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1210/clinem/dgaf619

2 The Journal of Clinical Endocrinology & Metabolism, 2025, Vol. 00, No. 0

LIFE STAGES

KS is present in approx.
A 1:650 @

male births b

-

Undiagnosed KS (U-KS)

E ’

& L

= g <

= -~

= .
.

Untreated KS (D-KS)

KS is only diagnosed in
25-40 %

of cases

| |

In Denmark only about
50 % <’
are treated with TRT S
A

Treated KS (T-KS)
. ’
<&

’

=

Untreated KS is

associated with a
5-6 year
reduction of life-span

RISK SET SAMPLING

T-KS are included chronologically by date of first TRT prescription.
D-KS and U-KS are matched seperately based on the year of birth with
replacement.

@TKS @DKS @UKS
=== Matched stratum X Censoring

LSTART: 1 January 1994
I

@

END: 31 December 2022 |
1

>

fice
3T—!.,": B
P = —
P v
B o
[ — o—¢—o
=

Figure 1. (A) Concept of life stages when living with Klinefelter syndrome. (B) Procedure for risk set matching among men with Klinefelter syndrome

across life stages.

randomized TRT trial in men with KS will be virtually impos-
sible. Besides the obvious difficulties of recruiting enough pa-
tients, it would also be unethical to withhold TRT from
hypogonadal men with KS for extended periods of time (1).
The most feasible, cost-effective, and ethical approach for
assessing TRT effects in KS seems to be to take advantage of
the abundance of real-world evidence available through large
health registries.

The aim of the present study was to describe metabolic func-
tion in men with KS by utilizing the multitude of Danish health
registries. Specifically, for the first time, to address potentially
unwarranted effects of delayed diagnosis and insufficient atten-
tion to treating hypogonadism in KS, we wanted to compare
the severity of the metabolic profile among men with KS across
3 different life stages: (i) undiagnosed (U-KS); (ii) diagnosed
and not receiving TRT (D-KS); and (iii) diagnosed and receiv-
ing TRT (T-KS) (Fig. 1). We hypothesized that men with KS re-
ceiving TRT would have a less severe metabolic profile with
fewer incident metabolic disorders.

Methods

Design and Setting

This study forms part of an ongoing series of Danish nation-
wide registry-based studies examining morbidity patterns in
KS (The Danish Data Protection Agency record number
1-16-02-568-15). Findings regarding venous thrombosis,
major adverse cardiovascular events, and mortality have been
reported previously (2, 10). As described, inpatient and out-
patient hospital diagnoses were retrieved from The Danish
National Patient Registry (13) according to the International
Classification of Diseases (ICD). Use of prescription medicine
was collected from the Danish National Prescription Registry
(14) according to the Anatomical Therapeutic Chemical classi-
fication (ATC) codes. Laboratory analyses were retrieved from
the Clinical Laboratory Information Register according to the

Nomenclature for Properties and Units (NPU) Laboratory
Terminology.

Cohort Identification and TRT Exposure

Men with KS were identified in the Danish Cytogenetic
Central Registry (15). KS was defined as any 47,XXY or 46,
XY/47,XXY mosaic karyotype. In total, 1325 men with KS
were assessed for inclusion in the study cohorts. TRT was as-
sessed by redemption of prescriptions with ATC G03B (16)
from January 1, 1994, to December 31, 2022, according to
the coverage in the prescription registry.

KS Comparison Cohorts and Risk Set Sampling

We designed a matched cohort study applying risk set sam-
pling with replacement based on timing of TRT exposure in
an intention-to-treat analysis (17), as previously described
(10). The observation period was from January 1, 1994, until
December 31, 2022. We excluded boys with KS who did not
reach the age of 15 years before emigrating, dying, or the
end of the study. Men with KS older than 15 years at the be-
ginning of the prescription registry could potentially have
been receiving TRT prior to this date. We required a grace pe-
riod of 180 days from January 1, 1994, without any prescrip-
tions to identify an individual as untreated. Those who had
TRT prescriptions during the grace period were excluded.
We also excluded men with KS receiving TRT before being di-
agnosed with KS.

Strata were formed according to chronological exposure to
TRT (Fig. 1), and each T-KS man was matched on the day of
the first prescription to both U-KS and D-KS. Matching was
based on year of birth+2 years, and up to 5 individuals
were selected for each comparison group. Matches for each
stratum were sampled randomly among all eligible partici-
pants with replacement, meaning that any man with KS could
be reselected for different strata, and U-KS/D-KS could
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themselves become T-KS at a later stage (17). We further in-
cluded an age-matched male comparison cohort from the
background population, as previously described (10).

Outcomes for Survival Analysis

For all outcomes, the date of event was set as the first occur-
rence of the outcome. A complete list of ATC, ICD, and NPU
codes is given in the Supplement (Table S1 (18)). Some diagno-
ses were based on combinations of data. As an example, hyper-
tension was defined as the redemption of antihypertensive
drugs while hypercholesterolemia was defined as either a pre-
scription for statins, a hospital diagnosis (DE780), or labora-
tory findings of low-density lipoprotein (LDL) > 3.0 mmol/L,
based on previous Danish data indicating increased cardiovas-
cular risk with LDL > 3.0 mmol/L (19).

To define incidences of type 2 diabetes (T2DM), we combined
diagnoses, medication use, and laboratory data. ICD-10
codes adhering to “insulin-dependent diabetes” were indicative
of type 1 diabetes (T1DM), and codes related to “non-insulin-
dependent diabetes” were indicative of T2DM. We considered
all prescriptions of glucose-lowering medications (ATC A10)
to be indicative of diabetes. Further, 2 measurements of glycated
hemoglobin (HbA1c) > 6.5% (48 mmol/mol) more than 30 days
apart were considered diagnostic for diabetes. Date of diabetes
diagnosis was at first prescription of glucose-lowering medica-
tion, first HbAlc > 6.5% (48 mmol/mol), or first registered
diabetes diagnosis, whichever came first. We applied a series of
criteria to distinguish between T2DM and type 1 diabetes (see
Supplement (18)). Nine controls with dual diagnoses could not
be assigned as either, and they were excluded.

Individuals with repeated measurements of elevated
HbA1lc with no diabetes diagnosis and no prescriptions for
glucose-lowering medications were considered as lifestyle-
intervention-treated T2DM.

Type 2 Diabetes-Only Cohort

We constructed a cohort consisting of all KS cases and controls
with T2DM. We stratified men with KS based on life stages as
either U-KS, D-KS, or T-KS at the time of T2DM diagnosis. For
U-KS, we included individuals whose first T2DM diagnoses oc-
curred prior to coverage in the prescription registry.

Glycemic control was evaluated by levels of HbAlc. Use of
glucose-lowering medications was assessed according to pre-
scriptions history. Late-stage diabetes complications were
evaluated by the adapted Diabetes Complications Severity
Index (aDCSI) based on ICD-10 codes (20, 21). The aDCSI is
avalidated tool for assessing diabetes severity (22) and has pre-
viously been applied to Danish health registry data (23). We
updated the algorithm to include ICD E114 for unspecified
type of diabetes with complications and to allow inclusion of
a neuropathy score = 2 for polyneuropathy (Table S2 (18)).

Statistical Analysis

Survival analysis

Incidences were compared as hazard ratios (HR) from stratified
Cox regression with cluster-robust variance estimates and T-KS
as the reference. Study entry was at the day of TRT exposure in
each stratum, and censoring was at first occurrence of the outcome
under investigation, death, emigration, or end of the study. U-KS
were censored on the day of KS diagnosis, and D-KS were censored
on the day of TRT if treated subsequently. We excluded

individuals with the first occurrence of the outcome under investi-
gation prior to study entry from the analysis of that specific
outcome.

Supplementary analyses

Cross-sections of continuous variables—for example, levels of
biomarkers or age—were compared across groups using one-
way ANOVA or Kruskal-Wallis test with Bonferroni correction.

To assess health surveillance in men with KS, we estimated the
cumulative HR of undergoing any blood test, using a multiple-
failure model to compare across different KS life stages.

Longitudinal changes of continuous variables were assessed
across life stages by mixed effects models with pairwise corre-
lations described by an exponential function of the time be-
tween measurements to allow for uneven timing of repeated
measurements and consideration of individuals progressing
to next life stage under observation. Model fit was assessed
by Q-Q plots of standardized residuals.

In individuals with T2DM, aDCSI scores at 1 and 10 years of
diabetes duration were compared by ordinal logistic regression
with adjustment for age at T2DM diagnosis and observation
time. We further computed the HR for the combination of preva-
lent and first incident cases of any late-stage diabetes complica-
tion, and adjusting for age at T2DM diagnosis. Similarly, we
assessed the cumulative HR of late-stage diabetes complications
in a multi-failure setup.

Among T-KS, we computed HRs comparing transdermal and
parenteral TRT administration routes. Allocation to either
transdermal or parenteral treatment group was based on having
more than 80% of prescriptions adhering to either formulation.
T-KS, with fewer than 80% of prescriptions adhering to either
type of formulation, were excluded. We applied inverse prob-
ability of treatment weighting after calculating propensity scores
for treatment types based on age of KS diagnosis, age when
starting TRT, and year of birth. Balancing of covariates after ap-
plying weights was assessed by standardized mean differences.

Analyses were performed using Stata 18 (StataCorp LLC,
College Station, TX, USA).

Results

We identified 913 men with KS who were eligible for risk set
sampling, including 508 exposed to TRT. From the risk set
sampling procedure, we constructed 508 strata matching a to-
tal of 2146 U-KS and 2522 D-KS (Table 1). Additionally, we
matched 46 241 controls from the background population to
the 508 T-KS (Table 1). The median (interquartile range; IQR)
year of birth was 1979 (1969-1989) for all groups.

Metabolic Disorders Across KS Life Stages

The incidences of metabolic disorders are shown in Fig. 2.
There was a tendency toward higher incidence of obesity,
and in particular, extreme obesity in U-KS. Similarly, bariatric
surgery was more frequent in U-KS. The incidence of T2DM
with multiple complications was higher in U-KS, with a trend
toward a higher risk of being treated with insulin. We ob-
served no effect of KS diagnosis or TRT on the incidence of
T2DM overall (Fig. 2). Outcomes based either solely or par-
tially on prescription data were commonly less frequent in
D-KS, such as glucagon-like peptide 1 (GLP-1) receptor agon-
ist prescriptions, hypercholesterolemia, and hypertension
(Fig. 2).
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Table 1. Study cohorts

Risk set cohort U-KS D-KS T-KS Controls

No of participants, n* 2146 2522 508 46 241

Total observation time, years 11621 24366 6460 595268
Observation time per participant, years 4.0 (1.6-7.7) 8.2 (3.2-15.0) 11.7 (6.7-17.9) 11.7 (6.6-18.2)

Age at entry, years 28.4 (16.8-36.9)

30.5 (17.3-40.0) 30.3 (17.1-39.5) 30.3 (17.1-39.6)

T2DM cohort U-KS D-KS T-KS Controls p
T2DM, yes n=25 n =106 n=86 n=10678
No of diagnostic criteria met, n (%)
4 (16) 17 (16) 18 (21) 2753 (26)
2 <3(<12) 31(29) 29 (34) 3821 (36)
18 (72) 58 (55) 39 (45) 4104 (38)
Age at T2DM diagnosis, years 42.4+14.9 54.2+12.9 47.6+11.4 57.9+13.0 <.0001”
Age at KS diagnosis 48.2+14.2 26.8+10.3 27.0+13.1 — <.0001°
Age at eventual TRT, years (n) 50.0+£11.2 (12) 43.4+£10.4 (11) 35.2+13.1 .0004“
Delay of TRT from T2DM 7.7+6.8 6.9+59 -12.4+74

diagnosis, years
Late-stage diabetes complications

2.28 (1.35-3.86)

Single failure any late-stage
T2DM complications, hazard ratio

Multiple failure any late-stage 2.83 (1.33-6.02)

T2DM complications, hazard ratio

0.94 (0.60-1.46) 1 (reference) 0.65 (0.46-0.92)

0.95 (0.53-1.72) 1 (reference) 0.69 (43-1.10)

Abbreviations: D-KS, diagnosed Klinefelter syndrome; T2DM, type 2 diabetes mellitus; T-KS, testosterone-treated Klinefelter syndrome; TRT, testosterone

replacement therapy; U-KS, undiagnosed Klinefelter syndrome.
Data are median (interquartile range).

“The matched strata were constructed through matching and resampling among a total cohort of 913 individuals with KS.
}’One—way ANOVA: D-KS > U-KS (P <.001), D-KS > T-KS (P=.002), Controls < all KS groups (P <.001 to .03).

‘One-way ANOVA: U-KS > D-KS and T-KS (P <.001).
“ounger in T-KS compared with other KS groups.

For most metabolic conditions, the incidence in T-KS was
more than twice as high as in controls (Fig. 2).

We found an indication of overall reduced health surveillance
in both D-KS, and in particular U-KS. Compared with T-KS, the
HR for blood testing in D-KS was halved (HR 0.51 [0.43-0.61])
and more than 90% reduced in U-KS (HR 0.06 [0.05-0.08]).

We assessed glycemic control by evaluating HbAlc. In those
with no history of diabetes, we saw no difference in overall levels
of HbAlcbetween groups (771 KS and 68 160 controls with avail-
able measurements). We then assessed the longitudinal effects of
TRT on HbAlc in T-KS only. We compared levels of HbAlc
measured before TRT (-1 year) with levels after TRT (0.5-1.5
years). We applied a mixed model with adjustment for age at sam-
pling and T2DM (yes/no). Samples taken after receipt of a
prescription for any glucose-lowering medications were not con-
sidered. TRT was associated with a nonsignificant small reduction
inHbA1c (B [95 CI], —0.3 [-0.9; 0.3], P = .30). We then applied a
similar approach for evaluation of LDL, with adjustment for statin
use at the time of sampling. TRT was associated with a reduction
in LDL levels (8 [95 CI], —0.5 [-0.9; 0.1], P =.02).

Evaluation of Type 2 Diabetes in KS Life Stages
and Controls

In total, we identified 217 men with KS diagnosed with T2DM
(Table 1). At the time of T2DM diagnosis, 25 were U-KS, 106
were D-KS, and 86 were T-KS. We additionally identified 10
678 controls diagnosed with T2DM (Table 1). The majority
of T2DM cases fulfilled more than 1 of 3 criteria for diabetes:
hospital diagnosis, elevated HbAlc, or a prescription for

glucose-lowering medication (Table 1). Among U-KS, there
was a delay of almost 6 years from the diagnosis of T2DM un-
til diagnosis of KS. For both U-KS and D-KS, TRT was ever
initiated in only a subset of patients, with a 7-year delay fol-
lowing T2DM diagnosis (Table 1). Additionally, among KS
men with T2DM and no history of TRT, 13 of 15 with avail-
able laboratory assessments, had at least one measurement of
testosterone below the lower reference limit.

Glycemic Control

In the T2DM cohort, < 3 U-KS, 39 D-KS, 51 T-KS, and 5461
controls had available measures of HbA1c around the time of
T2DM diagnosis. The median level of HbAlc+ 90 days
of T2DM diagnosis was not different among the groups
(P =.8), and no difference was seen regarding the median
lowest values of HbAlc obtained within 2 years of T2DM
diagnosis (P =.13).

Combined, 199 men with KS and T2DM and 9906 controls
with T2DM had more than one measurement of HbAlc
available at any point. Due to large inter-individual variability
in sampling frequency and timing of sampling relative to
T2DM duration, we computed the area under the curve
(AUC) for HbAlc. We then applied a mixed model with the
log-transformed AUC as the dependent variable, with group-
ing (U-KS, D-KS, T-KS, and controls) as fixed effect, adjusting
for the log-transformed timespan between the first and last
sample for each participant, as well as the age at first sampling.
By this approach, we did not observe any difference in HbAlc
levels between groups over the duration of T2DM.

GZ0z 1equiaoa g0 uo Jasn Aseiqi] meT elulbaip o Ajsieniun Aq 61.G€ZE8/6 L 9iebp/wauld/0LzZ L 0L /10p/a|o1ue-aoueApe/wadl/woo dno-ojwapeoe//:sdpy wolj papeojumoq



The Journal of Clinical Endocrinology & Metabolism, 2025, Vol. 00, No. 0
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In favor of T-KS

Figure 2. Hazard ratios for occurrence of metabolic disorders across Klinefelter syndrome (KS) life stages with testosterone-treated KS (T-KS) as the
reference and comparing with undiagnosed KS (U-KS), diagnosed but untreated KS (D-KS) and male controls from the background population. Hazard
ratios > 1 are in favor of T-KS. Abbreviations: BMI, body mass index; GLP-1, glucagon-like peptide 1 analogue; HR; hazard ratio.

Glucose-Lowering Medications

Ever-use of insulin, GLP-1, sulfonylurea, and metformin was
higher in KS (Pearson chi-square, P <.03 for all, see Fig. S1
(18)). Fewer men with KS than controls were ever treated
with 3 or fewer different drugs (Pearson Chi-square,
P <.001). The number of glucose-lowering medications was
not different comparing D-KS and T-KS.

T2DM Complication Status

The HR for first late-stage diabetes complication in the T2DM
cohort was more than doubled in U-KS compared with T-KS,

and further reduced by one-third in controls compared with
T-KS (Table 1), reflecting a 3.5-fold increased incidence of
any first late-stage diabetes complication in U-KS compared
with controls (HR 3.48 [2.32-5.22]). Odds ratios (OR) for a
higher aDCSI at 1 year and 10 years T2DM duration, were nu-
merically increased in U-KS compared with T-KS but failed to
reach statistical significance (OR 2.11 [0.70-6.40] and 1.57
[0.62-3.98], respectively).

The HR for all-cause mortality following a T2DM diagno-
sis was increased in D-KS compared with controls (HR 1.77
[1.28-2.45]) but not significantly different for T-KS and con-
trols (HR 1.30 [0.68-2.48]).
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Figure 3. Hazard ratios for metabolic traits, comparing parenteral and transdermal administration of testosterone replacement therapy in testosterone
treated Klinefelter syndrome. Hazard ratios > 1 are in favor of transdermal administration. Abbreviations: GLP-1, glucagon-like peptide 1 analogue; HR,

hazard ratio; TRT, testosterone replacement therapy.

Effects of TRT Administration Routes

We identified 133 transdermally treated T-KS (tdT-KS) and
265 parenterally treated T-KS (pT-KS). After applying inverse
probability of treatment weighting, standardized mean differ-
ences for covariates associated with treatment choice were
< 0.08. We then assessed the incidences of metabolic disorders
and cardiometabolic risk factors, observing a pattern suggest-
ing a benefit of parenteral vs transdermal TRT regarding obes-
ity, GLP-1 use, T2DM and insulin prescription use, and the
opposite for hypertension and hypercholesterolemia (Fig. 3).
Compared with controls, the HR for T2DM was still more
than 2-fold increased regardless of TRT formulation (HR
pT-KS vs controls 2.33 [1.54-3.51]); HR tdT-KS v controls
(2.66 [1.48-4.97]).

TRT formulation did not affect the change in either HbAlc
or LDL before and after TRT (P=.77 and P=.80,
respectively).

Discussion

This study aimed to describe the metabolic consequences of
KS across different life stages. We present the most compre-
hensive mapping of metabolic traits in KS to date in a nation-
wide real-world setting. To our knowledge, this is the first
study to directly highlight the potential consequences of de-
layed diagnosis and treatment of hypogonadism on metabolic
health in KS. We demonstrate that TRT in KS cannot fully al-
leviate the negative impact of hypogonadism on metabolism.
Compared with controls, T-KS had a 2- to 3-fold increased
risk of obesity and other metabolic diseases, including hyper-
cholesterolemia and hypertension. Furthermore, the early on-
set and persistently increased risk of T2DM in KS across life
stages underline the severity of the metabolic phenotype in
KS, likely contributing significantly to the reduced life expect-
ancy among these patients (1, 24).

The effects of TRT on T2DM risk and metabolism has pre-
viously been assessed in randomized settings among non-KS
male populations (12, 25-29). However, transferring these re-
sults to KS is challenging, as those studies provided relatively
short-term TRT to men with late-onset testosterone defi-
ciency. In the T4DM study, testosterone undecanoate was
provided for 2 years in a double-blind, placebo-controlled tri-
al that included 1007 men with a high risk of T2DM (25). The

study found improved insulin sensitivity and reduced risk of
T2DM with TRT. More recently, a small randomized con-
trolled trial applying testosterone undecanoate injections in
men with metabolic syndrome and hypogonadism observed
improved insulin sensitivity with 2 years of TRT (26). The
T-Trials applied transdermal testosterone or placebo for 1
year in older men with obesity (70%), among whom 37%
were diagnosed with diabetes (27). The study only demon-
strated a small improvement in insulin sensitivity with TRT,
and no impact on HbA1c levels (28). The TRAVERSE study
evaluated the cardiovascular safety of transdermal TRT in
men with hypogonadal symptoms and low testosterone levels
(12). In a sub-study including 5204 randomized participants,
1175 with prediabetes and 3880 with diabetes, TRT had no
effect on the risk of either progression from prediabetes to dia-
betes, or normalization of HbA1c levels in those with diabetes
(29). The testosterone levels obtained in the T4ADM study were
higher than in both the T-Trials and TRAVERSE. This is po-
tentially explained by the choice of TRT formulation, with a
more pronounced effect of TRT on diabetes-related outcomes
in studies opting for parenteral vs transdermal testosterone.
We demonstrate, for the first time, a comparable pattern of
a differential metabolic effect of TRT formulation among
men with KS. We find a tendency toward less obesity and bet-
ter glucose metabolism among those with parenteral vs trans-
dermal TRT in KS. Our data also demonstrate that neither
parenteral nor transdermal TRT was superior in reducing
the massively increased risk of T2DM in KS. Hypogonadism
has direct negative effect on metabolism (30) that, if not at-
tended to, could invoke irreversible long-term changes to
metabolic function, so-called metabolic memory (31).
Prolonged hypogonadism in KS could impede the efficacy of
TRT and the correction of metabolic dysfunction, but the in-
ability of TRT to abolish metabolic dysfunction also indicates
that metabolic dysfunction in KS is not attributable to hypo-
gonadism alone. Future identification of genetic alterations in-
duced by the presence of a supernumerary X chromosome and
associated with the metabolic profile of KS appears increas-
ingly important for advancing our understanding of disease
mechanisms in KS. Still, TRT should be the cornerstone of
treatment in KS, as demonstrated here by the lower mortality
among T-KS vs D-KS with T2DM, and the previously demon-
strated overall lowered mortality following TRT in KS (10).
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Interpretation of the combined data collected for this study is
challenging. Nondiagnosis of comorbidities could affect our es-
timates. Based on the frequency of blood sampling, the level of
health surveillance seems highly dependent on KS life stage, with
very little attention given to U-KS. The reason for this could, of
course, be a less morbid phenotype among U-KS, but we tend to
believe that the low number of blood samples in U-KS reflects a
true deficit of medical attention. Poor socioeconomic status
could further hinder active self-care and attention to medical is-
sues in U-KS (1, 4). We have no exact knowledge of the factors
leading to the diagnosis of KS or subsequent adherence to mon-
itoring and treatment of hypogonadism with TRT. Our data in-
dicate that for some men with KS, the threshold for seeking
medical attention and ultimately being diagnosed with KS is
quite high, resulting in higher incidences of the more severe phe-
notypes in U-KS. We further believe that this lack of attention to
health among U-KS explains the counterintuitive finding of
higher rates of hypercholesterolemia and hypertension in
T-KS compared with other KS groups. We suspect the higher
rates of these conditions among T-KS reflect a positive effect
of increased surveillance. This is also supported by the actual re-
duction in LDL observed with TRT. Lower detection rates in
U-KS could even cause our estimates to underestimate a true
beneficial effect of TRT in KS on the incidence of metabolic dis-
ease. A similar pattern is observed among D-KS, and our find-
ings further highlight the challenges related to the care of KS
males, with some U-KS being subjected to bariatric surgery be-
fore diagnosis of KS and several D-KS never being offered TRT
despite presenting with low adult testosterone levels. We be-
lieve, as healthcare is easily accessible in Denmark, that the chal-
lenge of procuring sufficient treatment could even be more
pronounced in other parts of the world. We speculate that those
not receiving treatment are being cared for in nonspecialized set-
tings, such as by primary care physicians, stressing the need for
an international guideline on care for KS males (32).

The overall quality of Danish health registries is high (13), but
diagnoses directly indicating obesity are insufficiently assigned.
In the UK Biobank study, the mean body mass index (BMI) was
29.7 + 5.7 kg/m* among mostly undiagnosed KS (4), indicating
that obesity is likely present in as many as half of all men with
KS. National data from 2023 have demonstrated that 53% of
Danes have a BMI>25 (33), contrary to our finding of a
diagnosis of obesity in only 2% of the background controls.
Additionally, there are no readily available sources for obtaining
actual measures of weight, BMI, or blood pressure, or to assess
nonpharmacological interventions against obesity in the pri-
mary care sector. As such, our study most likely underestimates
the true prevalence of obesity and hypertension across all partic-
ipants. Lastly, because obesity develops over time, some individ-
uals diagnosed with obesity at a given life stage would likely also
have had obesity at an earlier stage.

This study comprised a large, nationwide cohort of males
with KS with a long follow-up duration. There will likely never
be a randomized controlled trial for evaluating the health effects
of KS life stages with a similar number of participants and
follow-up, making observational data the best possible research
scenario. Studies based on observational data have traditionally
suffered from the inability to assess causal inference. However,
emerging statistical approaches allow for the evaluation of caus-
ality from observational studies under specific conditions (34).
The current study applies a risk set matched design and uses pro-
pensity score-based inverse probability of treatment weighting
to approach an evaluation of the true causal effect of

progressing through KS life stages, in many ways mimicking
steps applied for modern epidemiological methods, such as
Target Trial Emulation (35). However, our study could still
be subject to an uneven distribution of unmeasured confound-
ers, and as discussed above, differences in surveillance would
likely represent such an issue. We cannot exclude the possibility
that other unknown factors influencing TRT might independ-
ently affect the risk of the evaluated outcomes. The risk set sam-
pling procedure was implemented to mitigate some of this
potential bias, although the direction of any remaining bias
remains unpredictable. Consequently, we cannot conclude
on causality based on the present study alone. There is a dire
need for similar studies coming from other settings around
the world.

In conclusion, we demonstrate an increased incidence and
earlier onset of obesity and obesity-related disorders in KS irre-
spective of life stage and TRT, with a persistent 2- to 3-fold in-
creased risk of T2DM. U-KS presented with a more severe
metabolic profile, underlining the need for earlier diagnosis to
prevent the long-term effects of hypogonadism. Furthermore,
T-KS with T2DM had reduced mortality compared with D-KS
with T2DM, which underlines the continued importance of en-
suring optimal treatment of hypogonadism in KS, which again
can only be achieved by ensuring early diagnosis. Also, the choice
of TRT formulation could impact some aspects of metabolism
among men with KS, but we cannot recommend either parenteral
or transdermal formulations based on the current study.
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