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Abstract

Context: Executive dysfunction is a well-recognized component of the cognitive phenotype of Klinefelter syndrome (KS), yet the neural basis of
KS-associated cognitive weaknesses, and their association with testicular failure is unknown.

Objective: We investigated executive function, brain activation, and pubertal development in adolescents with and without KS.

Methods: Forty-three adolescents with KS (mean age 12.3 + 2.3 years) and 41 typically developing boys (mean age 11.9 + 1.8 years) underwent
pubertal evaluation, behavioral assessment, and completed functional magnetic resonance imaging (fMRI) as they performed an executive
function task, the go/no-go task. Group differences in activation were examined. Associations among activation, executive function, and
pubertal development measures were tested in secondary analyses.

Results: Boys with KS exhibited reduced executive function, as well as lower activation in brain regions subserving executive function, including
the inferior frontal gyrus, anterior insula, dorsal anterior cingulate cortex, and caudate nucleus. Secondary analyses indicated that the magnitude
of activation differences in boys with KS was associated with severity of pubertal developmental delay, as indexed by lower testosterone
((36) =2.285; P=.028) and lower testes volume (#(36)=2.238; P=.031). Greater parent-reported attention difficulties were additionally
associated with lower testicular volume (t{36) = —2.028; P=.050).

Conclusion: These findings indicate a neural basis for executive dysfunction in KS and suggest alterations in pubertal development may
contribute to increased severity of this cognitive weakness. Future studies that examine whether these patterns change with testosterone
replacement therapy are warranted.

Key Words: executive function, brain, inhibition, Klinefelter syndrome, sex chromosome aneuploidy, fMRI

Abbreviations: BASC-3, Behavior Assessment System for Children, Third Edition; BRIEF-2, Behavior Rating Inventory of Executive Function, Second Edition;
fMRI, functional magnetic resonance imaging; FSH, follicle-stimulating hormone; KS, Klinefelter syndrome; LH, luteinizing hormone; MNI, Montreal
Neurological Institute; RT, response time; TD, typically developing; TRT, testosterone replacement therapy; WISC-V, Wechsler Intelligence Scale for
Children, Fifth Edition.

Klinefelter syndrome (KS) is a sex chromosome aneuploidy
that occurs in roughly 1 in 500 males (1), in which boys are
born with an extra X chromosome. In addition to physical fea-
tures, such as hypogonadism, gynecomastia, and tall stature,
KS is associated with a variety of behavioral alterations, in-
cluding language and learning problems, increased anxiety,
and depressed mood (2). One specific area of concern is execu-
tive function, a domain of cognition that encompasses a var-
iety of higher-order processes such as working memory,
inhibition, sustained attention, and cognitive flexibility.
Growing evidence indicates that impairments in this cognitive
domain likely emerge in childhood for boys with KS.
Reductions in working memory, switching, and planning/

problem-solving capabilities, for instance, have been noted
in peripubertal boys with KS (3-9). Moreover, and consistent
with the increased rates of attention-deficit/hyperactivity dis-
order that have been reported in KS (10), research in this
area has noted that the greatest cognitive weakness resides
in measures of attention (8, 9, 11, 12).

Despite these findings, and the clear negative influence of
executive dysfunction on long-term academic, adaptive, and
psychological functioning (13, 14), the neurobiological basis
for executive function alterations in KS remain unknown.
Further, it is unclear whether altered pubertal development
and testosterone deficiency in this clinical population play a
role in the pathogenesis of executive dysfunction and
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activation in associated brain regions. While pubertal devel-
opment in boys with KS often begins at the same time as
that of their typically developing (TD) peers, by mid- to late
puberty, relative reductions in testosterone and stalled testicu-
lar growth become apparent (15-17). Testosterone supple-
mentation represents the current standard of care to correct
androgen deficiency in male patients with KS. Yet, the timing
of when to initiate this treatment remains highly debated. As a
result, pubertal deviations, when present, may play a substan-
tial role in altered neurodevelopment in KS. Indeed, many
brain regions that are important to executive function are
densely population with androgen receptors (18-20) and
undergo dynamic changes at puberty in typically developing
males (21-28).

In the present study, we assessed neural activation in execu-
tive function networks in adolescent males, with and without
KS. More specifically, using functional magnetic resonance
imaging (fMRI), we examined brain function in 43 adoles-
cents with KS (mean age 12.3 £ 2.3 years) and 41 TD control
participants (mean age 11.9 + 1.8 years) as they performed a
well-validated executive function paradigm, the go/no-go
task. We hypothesized that adolescents with KS would exhibit
reduced performance on this task in comparison to their TD
counterparts, and further, that these behavioral differences
would be accompanied by anomalous activation of brain re-
gions subserving sustained attention and inhibition, such as
the inferior frontal gyrus, caudate, dorsal anterior cingulate
cortex, and posterior parietal cortex. We additionally ex-
plored, in secondary analyses, whether the magnitude of
KS-related alterations in activation were associated with se-
verity of pubertal developmental delay as indexed by 2 meas-
ures: testosterone and testicular volume.

Materials and Methods

Participants

All study protocols were carried out in accordance with the
latest version of the Declaration of Helsinki and were ap-
proved by the Nemours and Stanford University
Institutional Review Boards. Prior to participation, informed
consent was obtained from the parent/guardian and informed
assent was obtained from each participant.

Data were collected as part of a longitudinal study examin-
ing cognition, mood, behavior, and neurodevelopment in
school-aged boys with KS and their sex- and performance
IQ-matched peers. Because lower verbal IQ is common in
KS (29), groups were matched based on visual spatial subtests
of the WISC-VSI (Visual Spatial Index) rather than overall IQ
(Full Scale 1Q). Participants with KS were recruited through
university- and community-based pediatricians, pediatric en-
docrinologists, and medical geneticists as well as through ad-
vertisements in local and national chapters of organizations
serving individuals with KS and their families (eg, the
Association of X and Y Chromosome Variations/AXYS and
the eXtraordinarY Kids Clinics at Nemours/Alfred I DuPont
Hospital for Children and Stanford University). Within the
KS group, 19 participants were diagnosed prenatally, 1 was
diagnosed at birth, and 19 were diagnosed postnatally. For
3 participants in the KS group, the timing of diagnosis was un-
known. The TD control group was recruited through adver-
tisements in internet bulletin boards, schools, and parent
organizations. For each participant in the KS group, diagnosis
was confirmed by karyotype analysis demonstrating

nonmosaic KS. Participants in both groups were excluded if
they had history of traumatic brain injury, hypoxic-ischemic
encephalopathy, uncontrolled seizure disorder, or psychosis.
English was the primary language spoken for all participants.

Study data were acquired from a total of 96 male partici-
pants, including 49 boys with KS and 47 TD boys. Research
personnel reviewed MRI scan and behavioral data for quality.
Six scans from the KS group and 6 scans from the TD group
were excluded due to poor scan quality because of motion ar-
tifacts or because the participant was not performing the task
as instructed. This resulted in final group sizes of 43 individu-
als with KS (mean age 12.3 +£2.3 years) and 41 TD partici-
pants (mean age 11.9+1.8 years). Two sibling pairs
discordant for KS were included in the final study sample.
All findings presented here remained unchanged when un-
affected siblings from these 2 pairs were removed from the
analyses.

Cognitive Testing

Cognitive and behavioral assessment was performed with the
goal of completing these measures within 4 weeks of scanning.
Parents completed the Behavior Assessment System for
Children, Third Edition (BASC-3 (30)), and the Behavior
Rating Inventory of Executive Function, Second Edition
(BRIEF-2 (31)). Children were administered portions of the
Wechsler Intelligence Scale for Children, Fifth Edition
(WISC-V (32)). Age-normed T-scores on BASC-3 and
BRIEF subscales relevant to the construct of response inhib-
ition (ie, Externalizing Problems, Hyperactivity, Attention
Problems, and Behavioral Symptoms Index in BASC-3 and
Inhibition Problems and Global Executive Composite in
BRIEF), as well as T-scores on the Visual Spatial Index of
the WISC-V, were used in analyses examining associations be-
tween cognitive ability and brain activation measures.

Pubertal Assessment

Pubertal development was assessed using physical examination
of testes volume together with hormone levels extracted from
blood serum. Testicular volume, a stable marker of testicular
failure (33, 34), was determined by trained pediatric
endocrinologists (T.A. and ].R.) using a Prader Orchidometer
(Accurate Surgical and Scientific Instruments). Serum levels of
total and free testosterone were assessed using liquid chroma-
tography and tandem mass spectrometry, a highly reliable assay
of gonadal steroids. Luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) were assessed using im-
munoassay. Blood samples were collected in the early morning
for all participants (between 8:20 and 9:30 am).

Magnetic Resonance Imaging Acquisition

All participants were prepared for unsedated MRI scans
through scan simulations performed by research staff.
Participants were scanned at 1 of 2 imaging sites using identi-
cal GE 3T MR750 whole-body MR systems with matching
8-channel head coils and imaging protocols. T1-weighted
structural images of the brain were acquired sagittally using
a 3D fast spoiled gradient echo (FSPGR) echo sequence,
with slice thickness =1 mm, repetition time (TR)=8.18 ms,
echo time (TE)=3.19 ms, inversion time (TI) =450 ms, flip
angle = 12°, 176 slices, matrix =256 x 256, voxel size =1 X
1 x 1 mm, scan duration: 4:54 minutes. Scans were repeated
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if needed, as per protocol, to increase the probability of ob-
taining a low-motion, usable scan. T2*-weighted functional
images of the brain were acquired during the performance
of each of 2 go/no-go task runs using an echo planar imaging
sequence with TR =2000 ms, TE =30 ms, flip angle="77°,
field of view =22 cm x 22 cm, 38 slices, matrix = 64 x 64,
voxel size=3.4375%x3.4375x4 mm, scan duration:
8:26 minutes.

Go/No-Go Task Design

Stimuli were presented using E-Prime, version 2 (Psychology
Software Tools), using a video projector that illuminated a
rear projection screen at the end of the magnet. Participants
viewed stimuli through an adjustable mirror attached to the
head coil, and MRI acquisition was synchronized with the
paradigm. Participants were presented with a fixed series of
letters in 80-point font on the center of the screen and in-
structed to respond, using a response box held in their domin-
ant hand, to every letter (“go” trial) with a key press, except to
the letter “X” (“no-go” trial). Each letter trial was presented
for 250 ms and was separated from the subsequent trial
with a jittered intertrial interval that ranged from 750 ms
to 8750 ms, during which participants passively viewed
a fixation cross. The task was weighted toward go stimuli

Table 1. Clinical characteristics of study participants

Characteristic KS TD P

General information

No. 43 41 —
Age,y 12.3+2.3 11.9+1.8 .356
Diagnosis prenatal/ 19/19/3 — —
postnatal/unknown, No.

Go/no-go task performance
Commission errors 24.1+13.9 32.3+18.6 .023
Omission errors 88.0+57.7 47.1+£48.0 <.001
RT to correct “go” trials 489.6 +67.8 463.1+70.4 .080
d-prime 1.24 +0.74 1.46 +£0.88 .054

Behavioral measures (T scores)
BASC-3 PRS attention 56.9+8.2 46.6 +8.6 <.001
problems
BRIEF-2 inhibition 57.3+10.8 46.4+9.6 <.001
problems
BRIEF global executive 64.7+10.9 48.9+9.6 <.001
composite
WISC-V processing speed 101.6 +14.1 104.5+12.4  .328
index Composite

Clinical measures
Total testosterone, ng/dL.  158.0 +195.4 188.9+251.2 .395°
FSH, mIU/mL 13.0+18.4 26+2.2 .021¢
LH, mIU/mL 6.1+9.3 1.7+1.3 .8807
Testicular volume, mL 3.8+2.2 6.4+4.1 <.001¢

Values are presented as mean + SD.

Abbreviations: BASC-3, Behavior Assessment System for Children, Third
Edition; BRIEF-2, Behavior Rating Inventory of Executive Function, Second
Edition; FSH, follicle-stimulating hormone; KS, Klinefelter syndrome; LH,
luteinizing hormone; RT, response time; TD, typically developing; WISC-V,
Wechsler Intelligence Scale for Children, Fifth Edition.

“Significance values resulting from comparison of log-transformed values,
controlling for age.

(N =300 trials) to build up a prepotent tendency to respond,
thereby increasing the inhibitory effort necessary to success-
fully withhold responding to no-go stimuli (N =75 trials).
The task was divided into 2 separate runs, each lasting 8.3 mi-
nutes. Accuracy of responses and response times (RTs) were
recorded.

Behavioral Data Analyses

All statistical analyses were carried out using SPSS (version
26.0). Commission errors, omission errors, RT for correct
“go” trials, and the signal detection measure, d-prime, were
examined in separate linear regression models to test for the
main effect of group. D-prime was computed by subtracting
the z score of the false alarm rate (eg, commissions) from
the z score of the correct response rate (eg, hits) and represents
a preferred measure of task performance as it takes into con-
sideration both the relative frequency of correct hits and cor-
rect rejections. A high d’ value indicates that the participant
correctly responded to a high number of “go” trials and ap-
propriately withheld a response to a high number of
“no-go” trials. In contrast, a low d’ value signifies that the par-
ticipant responded to fewer “go” trials (omission errors) and/
or failed to withhold a response to a greater number of
“no-go” trials. Age and site were included as covariates of
noninterest in statistical analyses. Statistical significance was
assessed using a 2-tailed a level of .05.

Primary Analyses: Group Differences in Activation

Preprocessing of fMRI data was conducted in FSL (FMRIB
Software Library, version 5.0.10), using FEAT (FMRI
Expert Analysis Tool, version 6.0.0). The first 3 volumes of
each scan were discarded to allow for the stabilization of lon-
gitudinal magnetization. The remaining images were prepro-
cessed using a series of steps. First, nonbrain material was
removed from both the anatomical and functional images us-
ing the Brain Extraction Tool (35). Preprocessing included
motion correction to the mean image (36), spatial smoothing
using a Gaussian smoothing kernel of 6-mm FWHM, and
high-pass temporal filtering (37). Linear registration was per-
formed using FMRIB’s Linear Image Registration Tool to lin-
early align each individual’s functional data to his
high-resolution anatomical image (38). Linear registration
was used to align each individual’s anatomical image to
Montreal Neurological Institute (MNI) standard space. The
linear and transformations were combined to register each in-
dividual’s functional data to template space.

Because 2 separate task runs were conducted for each par-
ticipant, time-series statistical analyses were carried out at a
single-run intraindividual level using a generalized linear mod-
el that modeled each condition and accuracy type (“go” cor-
rect, “go” incorrect, “no-go” correct, “no-go” incorrect)
using a synthetic hemodynamic response function and its first
derivative, as well as motion correction parameters and time
points that exceeded a motion threshold (75th percentile
plus 1.5 times the interquartile range) defined by FSL’s motion
outliers tool (http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLMotion
Outliers). Both runs were combined in a fixed-effects analysis
for each participant to provide individual-specific summaries
of activation.

To test for voxel-based group differences in activation,
individual-specific activation summary maps for “no-go”
correct minus “go” correct (“no-go” >go”) contrast were
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computed and carried to higher-level voxel-based analyses
that controlled for site and age. Corrected significance maps
of the interaction of group by condition on activation were
computed using FSL’s randomize permutation tool (39); this
approach uses a threshold-free cluster enhancement proced-
ure, and a correction for family-wise error (P <.05) with
5000 iterations.

Secondary Analyses: Associations Between
Activation and Clinical and Behavioral Measures

Associations between activation and behavioral, cognitive, and
clinical measures were examined within the KS group in sec-
ondary analyses. Activation values were extracted for each sig-
nificant cluster resulting from primary analyses, then fed into
separate linear regressions that modeled activation as the de-
pendent variable, and behavioral or pubertal measures (testes
volume, total testosterone) as covariates of interest. Duration
of time between neural and pubertal assessments was included
as a covariate of noninterest, as was age.

Results

Participants

Participant characteristics are presented in Table 1. The KS
and TD groups did not differ with respect to age (#(82)=
-0.929; P=.356) or visuospatial IQ (#75)=0.985;
P =.328). Of the 43 participants with KS, 5 were receiving tes-
tosterone replacement therapy (TRT) at the time of study. As
we note later, to assess whether TRT confounded our findings,
all models were rerun after excluding these 5 participants.
Because of the positive skew to testosterone, LH, FSH, and
testicular volume, a log transformation was performed on
these values prior to statistical analysis. Increased FSH
(¢(75)=2.367; P=.021) and reduced testicular volume
(¢#(75)=-5.413; P <.001) was observed in the KS relative to
the TD group (see Table 1 and Fig. 1). The main effect of
group was not statistically significant for testosterone (¢(71)
=-0.856; P=.395) or LH (#(75) =0.152; P =.880). To test
whether pubertal measures varied between groups as a func-
tion of age, the interaction of group by age was entered as a
predictor. A statistically significant group by age interaction
was observed for testes volume (¢(72)=-2.937; P=.004),
LH (#(76)=3.097; P=.003), and FSH (£(76)=4.102;
P <.001); testes volume was decreased and LH and FSH
were increased in the KS relative to the TD group at older
ages. No interaction of group by age was observed for testos-
terone (#(68)=—-1.661; P=.101). With respect to behavior,
parents in the KS group reported greater difficulties in atten-
tion (attention subscale of the BASC-PRS; £(68)=4.961; P
<.001), impulsivity (inhibition subscale of the BRIEF; #(68)
=4.349; P <.001), and executive function (global executive
composite of the BRIEF; #(68) = 6.113; P <.001). All findings
remained unchanged when boys with KS who were currently
receiving TRT (N=35) were excluded from analyses.
Moreover, exploratory analyses comparing the aforemen-
tioned measures between boys who were diagnosed prenatally
vs postnatally revealed no statistically significant differences
(Ps>.085).

Go/No-Go Task Performance

Commission errors, omission errors, RT for correct “go” tri-
als, and the signal detection measure, d-prime are presented in

Table 1. Analyses of behavioral metrics, controlling for age
and site, showed that group was a marginally significant pre-
dictor of d-prime (#83) =—1.953; P =.054) and a significant
predictor of omission error rate (#(83)=4.240; P <.001);
boys in the KS group exhibited lower d-prime values and high-
er rate of omission errors relative to the control group. No
statistically significant difference was observed between
the 2 groups for RT for correct “go” trials (#(83)=1.848;
P =.080). Boys in the TD group showed a higher rate of com-
mission errors relative to the KS group (#83)=-2.313;
P=.023). These patterns remained unchanged when boys
treated with TRT were removed from the analyses.
Comparison of these measures between prenatally diagnosed
vs postnatally diagnosed boys with KS yielded no statistically
significant differences (Ps > .161).

Primary Analyses: Group Differences in Activation

Analyses of activation occurring during “no-go” vs “go” trials
between KS and TD groups that controlled for site and age in-
dicated that the main effect of site, and the interaction of
group by site, was not statistically significant. Site was there-
fore removed from the model. Moreover, because task per-
formance showed trend-level differences between groups,
d-prime was added as a covariate of noninterest to permit
the identification of activation differences between KS and
TD participants that were not confounded by behavior. The
final voxel-wise model included group as a factor, and age
and d-prime as covariates of noninterest.

Results from primary analyses indicated a statistically sig-
nificant effect of group for the contrast of “no-go” > “go” in
2 clusters: a region that was centered in the right anterior in-
sula and included parts of the caudate nucleus and inferior
frontal gyrus (x/y/z peak MNI coordinates =36, 68, 35,
k=711 voxels; P <.001), and another that was centered in
the paracingulate gyrus and included parts of the anterior cin-
gulate gyrus (x/y/z peak MNI coordinate =41, 70,60,k =111
voxels; P < .001; Fig. 2). Decomposition of multifactor effects
indicated greater activation in both regions in the control
group relative to the KS group during “no-go” trials (zs[1,
83] <—3.298; Ps<.001), but no difference between the 2
groups during “go” trials (zs[1, 83]<1.042; Ps>.299).
These findings remained generally unchanged when the § par-
ticipants from the KS group who were receiving TRT at the
time of study were excluded. Moreover, comparison of activa-
tion in these clusters did not vary significantly as a function
of prenatal vs postnatal diagnosis within the KS group
(Ps>.082).

Secondary Analyses: Associations Between
Activation, Behavior and Puberty

Because of the positive skew to testosterone, LH, FSH, and
testicular volume, a log transformation was performed on
these values prior to statistical analysis. Within the KS group,
decreased activation in the paracingulate cluster was associ-
ated with lower total testosterone (£(36)=2.285; P=.028)
and lower testes volume (#(36) =2.238; P =.031; Fig. 3). No
associations were observed between pubertal and activation
metrics in the cluster centered in the anterior insula (¢s[36]
<0.679; Ps > .501), nor were there statistically significant as-
sociations between activation in either cluster and
parent-reported measures of executive function (#s[36]>
1.238; Ps > .223).
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Figure 1. Pubertal measures in each group. The dashed line and unfilled markers represent the Klinefelter syndrome group. The solid line and filled
markers represent the typically developing group. Raw values are plotted. FSH, follicle-stimulating hormone; LH, luteinizing hormone.

Figure 2. Voxel-based activation differences illustrating areas of
decreased activation in the Klinefelter syndrome relative to the
typically developing group in the anterior insula, inferior frontal gyrus,
and caudate nucleus (top row), and the paracingulate and dorsal
anterior cingulate cortices (bottom row).

With respect to behavior, a statistically significant associ-
ation was observed within the KS group between
parent-reported executive function and testicular volume.
Specifically, greater attention difficulties, as indexed by higher
scores on the attention subscale of the BASC-PRS, were asso-
ciated with lower testes volume (¢(36)=-2.028; P =.050).
No associations were observed between testosterone or testes

volume and other parent-reported measures of behavior
(2s[36] > —0.258; Ps >.797), nor were there associations be-
tween pubertal measures and go/mo-go task performance
(¢s[72] < 0.581; Ps>.563). Again, these findings remained
generally unchanged regardless of whether the 5 participants
from the KS group who were receiving TRT at the time of
study were excluded from analysis.

Discussion

In this study, we assessed activation patterns in adolescent
males with KS as compared to an age-matched TD control
group as they performed the go/no-go task, a well-validated
executive function paradigm. Results of our analysis indicated
that, relative to their TD peers, adolescents with KS demon-
strated reduced task accuracy, as well as decreased activation
in brain regions subserving executive function, including the
right inferior frontal gyrus, anterior insula, striatum, and dor-
sal anterior cingulate gyrus. Statistically significant associa-
tions were found between activation patterns and metrics of
pubertal development in secondary analyses within the KS
group. Specifically, lower activation of the paracingulate
and dorsal anterior cingulate cortex in the KS group was asso-
ciated with lower serum total testosterone and with lower tes-
tes volume. Further, greater parent-reported executive
dysfunction was associated with lower testes volume. Taken
together, these findings indicate a neural basis for executive
dysfunction in KS and offer preliminary evidence in support
of a role for altered pubertal development and testosterone de-
ficiency in the magnitude of these differences.

The present findings add to the existing literature docu-
menting alterations in brain areas subserving social cognition
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Figure 3. Scatterplots demonstrating associations within the Klinefelter syndrome group between activation in the paracingulate/dorsal anterior

cingulate cluster and testicular volume and testosterone.

(40, 41) and verbal fluency (42)—behavioral features that are
notably affected in males with KS. Our study is the first, to our
knowledge, to investigate brain function during an executive
function task in boys with KS. While the precise mechanisms
underlying functional alterations of executive control regions
are unclear, our findings indicate that KS-associated devia-
tions in pubertal development may play a role. Puberty repre-
sents a dynamic period of neurodevelopment, during which
subregions of the executive control network undergo consid-
erable structural changes in response pubertal fluctuations in
testosterone (21-27). Although many boys with KS may initi-
ate puberty at the same time as their TD peers, with an initial
enlargement of the testes, and a rise in gonadotropins and tes-
tosterone to a pubertal range (43-47), by mid-puberty, LH
and FSH levels increase to above-normal levels and testes vol-
ume is observed to be lower relative to age-matched, TD con-
trols. This is likely the result of a depletion of germ cells,
hyalinization of seminiferous tubules, and the degeneration
of the Sertoli cells (48, 49). By late puberty, testosterone levels
show significant declines, when Leydig cells fail to produce
testosterone, despite increased levels of LH (15-17). In the pre-
sent study, although there was a trend for reduced testoster-
one in the KS group at older ages, no difference was
observed between the 2 groups with respect to testosterone
overall. The exact reason for this is unclear but is likely the re-
sult of the relatively younger age of our sample (mean age =
12.3 years). In addition, there are wide variations in testoster-
one in adolescence. The combination of lower testes volume
and higher FSH levels nevertheless likely reflects some degree
of testicular failure. Future studies that examine physical and
hormonal aspects of puberty from larger samples spanning the
entire peripubertal developmental period, including addition-
al participants sampled at older ages, would be helpful in con-
firming this possibility.

The statistically significant associations that we observed
between low testosterone and testes volume and decreased
neural and executive function point to a role for altered

pubertal development at the onset and maintenance of execu-
tive dysfunction in KS. Future studies that test whether neural
and behavioral manifestations of executive dysfunction par-
tially reverse following treatment with TRT, as has been sug-
gested in the small extant structural neuroimaging literature
(50, 51), remains an important area of further research.
Studies examining whether timing of the initiation of treat-
ment with TRT moderates clinical and behavioral outcomes
in KS are also critical, since the question of whether to initiate
TRT when FSH and LH levels begin to rise vs waiting for tes-
tosterone to fall below the normative range is widely debated
(52, 53).

Our findings of reduced executive functioning in young
male patients with KS, as demonstrated by impaired perform-
ance on the go/no-go task, as well as higher scores on the at-
tention problems of the BASC-3 PRS, and Inhibition
Problems and Global Executive Composite subscales of the
BRIEF, are consistent with the small number of studies in
this area. Lee and colleagues (9), for example, reported re-
duced performance on tests of visual attention, task switching,
spatial working memory, and planning in a sample of 27 par-
ticipants with KS ranging in age from 9 to 25 years. In a sam-
ple of 23 boys who were between ages 9 and 18 years, van Rijn
and Swaab (12) reported KS-associated cognitive weaknesses
in inhibition and sustained attention, as well as reduced men-
tal flexibility and visual working memory. Most recently,
Janusz and colleagues (11) reported weaknesses in executive
function in a sample of 77 boys with KS who ranged in age
from 8 to 18 years; the most pronounced weaknesses were
that of attention, whereas moderate weaknesses were ob-
served in working memory, switching, and planning/problem-
solving. Our study extends these prior findings by demonstrat-
ing that weaknesses in attention are the most pronounced
among boys with greater pubertal impairment, as indicated
by reduced testicular volume.

Some limitations of this investigation should be noted. First,
while we have interpreted activation associations with
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testosterone and testes volume to be indicative of pubertal ef-
fects on the brain, we cannot exclude the involvement of gen-
etic factors related to a supernumerary X chromosome.
Research into specific genes that underlie brain and behavioral
alterations in KS remains a pressing area of study. Second, be-
cause exploratory analyses of associations among brain acti-
vation, behavior, and testosterone and testes volume were
not corrected for multiple comparisons, we cannot exclude
the possibility of type II error. Third, while we have inter-
preted our findings of brain function in boys with KS as under-
lying behavioral symptoms of executive dysfunction, we
cannot conclude a causal association between these measures.
Fourth, the small number of participants in our study may
have resulted in reduced power to detect group differences
in brain function and/or correlations with behavior. Fifth, §
of the 43 boys in our KS cohort were receiving TRT at the
time of study, and this treatment may have had a confounding
effect on our findings. However, our results remained un-
changed when these 5 participants were removed from our
analyses. Therefore, we consider this possibility unlikely.
Lastly, although previous studies have found better outcomes
for prenatally diagnosed children (54-56), exploratory ana-
lyses did not indicate an effect of prenatal vs postnatal diagno-
sis on neural or behavioral function. However, due to our
small sample sizes, additional studies using large samples are
needed to address this question.

In summary, we present findings demonstrating reduced ac-
tivation of brain regions subserving executive functions in
young adolescent males with KS. The magnitude of these al-
terations was significantly correlated with reduced serum tes-
tosterone levels and testicular volume, suggesting a putative
role of altered gonadal hormones in the development of execu-
tive dysfunction. If replicated, the present study results dem-
onstrating dysfunction in executive control regions could be
used as end points in syndrome-specific intervention trials.
Our findings bolster KS as a model for studying the role of
the X chromosome, and androgens, in the functional develop-
ment of brain areas subserving executive function. Whether
alterations in brain activation normalize in response to testos-
terone supplementation represents an area of future research
that is of critical importance both to the neuroscientific and
clinical communities.
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