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Klinefelter syndrome (KS) is a chromosomal condition (47, XXY) that may help us to unravel gene—brain behavior pathways to
psychopathology. The phenotype includes social cognitive impairments and increased risk for autism traits. We used functional
MRI to study neural mechanisms underlying social information processing. Eighteen nonclinical controls and thirteen men with
XXY were scanned during judgments of faces with regard to trustworthiness and age. While judging faces as untrustworthy in
comparison to trustworthy, men with XXY displayed less activation than controls in (i) the amygdala, which plays a key role in
screening information for socio-emotional significance, (ii) the insula, which plays a role in subjective emotional experience, as
well as (iii) the fusiform gyrus and (iv) the superior temporal sulcus, which are both involved in the perceptual processing of faces
and which were also less involved during age judgments in men with XXY. This is the first study showing that KS can be
associated with reduced involvement of the neural network subserving social cognition. Studying KS may increase our under-
standing of the genetic and hormonal basis of neural dysfunctions contributing to abnormalities in social cognition and behavior,

which are considered core abnormalities in psychiatric disorders such as autism and schizophrenia.
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INTRODUCTION

The study of de novo occurring genetic variations that are
associated with neural, cognitive and behavioral abnormal-
ities may increase our understanding of complex gene—brain
behavior relations. In this regard, Klinefelter syndrome (KS),
which is defined by the presence of an additional X chromo-
some in men, is of significant interest, especially considering
that the X chromosome is enriched with genes involved in
neural development and related cognitive and mental func-
tioning. Even though behavioral outcome may be variable,
group-wise analysis has indicated that on average, there is an
increased vulnerability for difficulties in social competence
in individuals with KS. Social competence refers to ‘the active
and skilful coordination of multiple processes and resources
available to the individual to meet social demands and ac-
hieve social goals in a particular type of social interaction
and within a specific context’ (Iarocci et al., 2007). At a be-
havioral level the social difficulties in KS include social with-
drawal, social anxiety, shyness, impulsivity, unassertiveness
and emotion regulation problems (Ratcliffe, 1999; Boone
et al, 2001; Geschwind and Dykens, 2004; van Rijn et al.,
2006b, 2008; Visootsak and Graham, 2009). The severity
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of social difficulties is illustrated by the reported increased
levels of autism traits such as problems in areas of social
skills, communication, attention switching and imagination,
and increased attention to details (van Rijn et al., 2008).
Also, an increased risk for autism spectrum disorders (ASD)
has been reported for individuals with XXY. Bruining et al.
(2009) reported that 27% of the boys with KS in their
sample (a mixed group of referred cases and prenatal
follow-up) met criteria for ASD, and Bishop et al. (in press)
found that 11% of the boys with KS in their sample (prenatal
follow-up) had autism.

Social competence involves complex behaviors that heav-
ily rely on an intact and efficient working of an intricate
cognitive and neural system (Beauchamp and Anderson,
2010). It is generally thought that the social difficulties in
KS are attributable to the language disablities observed in KS
(Samango-Sprouse, 2001). A range of language deficits in the
face of spared general intelligence is typically seen in indi-
viduals with KS (Geschwind et al., 2000; Boada et al., 2009).
However, recent studies have indicated that deficits in social
cognition and emotion processing may play an important
role as well. These difficulties include impairments in decod-
ing facial expressions of emotion, specifically anger (van Rijn
et al., 2006b), as well as impairments in interpreting affective
tone of voice, i.e. prosody (van Rijn et al., 2007). Abnormal
experience of emotions in Klinefelter men has also been
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found (van Rijn et al., 2006b). In that study, Klinefelter men
reported increased emotional arousal in response to emo-
tion-inducing events and were more influenced by their emo-
tions in a strategic decision making game. Difficulties in
identification and expression of one’s own emotions were
also found in this group, as indicated by the alexithymia
measures. Taken together, Klinefelter men seem less accurate
in perception of social-emotional cues, experience increased
levels of emotional arousal, but are less able to identify and
verbalize the emotions they experience, in comparison to the
general population.

Findings of reductions in volume of brain areas important
for social cognitive processing suggest that these social cog-
nitive disturbances may have a direct neurobiological basis.
Structural Magnetic Resonance Imaging (MRI) studies have
pointed to volume reductions in the amygdala, insula, an-
terior cingulate and superior temporal gyrus in men with
XXY (Patwardhan et al, 2002; Shen et al, 2004; DeLisi
et al, 2005; Giedd et al, 2007; Steinman et al, 2009).
However, it remains unclear whether and to what degree
these neural networks are dysfunctioning during social in-
formation processing.

In this study, we investigated functioning of key brain
regions involved in social information processing in adults
with XXY. To our knowledge, this is the first study of func-
tional brain mechanisms underlying social information pro-
cessing in KS. Using functional Magnetic Resonance Imaging
(fMRI) we measured activity in a neural network including
the amygdala, fusiform gyrus, insula and superior temporal
sulcus (STS) during trustworthiness evaluations of faces. We
hypothesized atypical functioning of this network in men
with KS. As a control condition, we also assessed brain ac-
tivation when judging faces with regard to age, to examine
whether functioning of this network is only disturbed when
assessing social aspects of faces or also when assessing non-
social, physical aspects of faces.

The observation of reduced engagement of neural net-
works underlying social cognition in men with the XXY
karyotype would have several implications. First, it would
suggest a direct neural basis for the social cognitive impair-
ments that have been observed in men with KS. Second, it
would support the notion of KS as a model for studying the
role of the X chromosome, and androgens, in the develop-
ment of brain areas subserving social cognition. Morover,
the shared symptomatology in KS and ASD may fuel the
generation of hypotheses with regard to genetic and hormo-
nal mechanisms involved in the etiology of autism.

METHODS AND MATERIALS

Subjects

Thirteen men with XXY (mean age 39.0, s.d. 10.3) and 18 con-
trol men from the general population (mean age 32.2, s.d. 9.4)
participated in the fMRI study. Controls were recruited using
advertisements in local newspapers or were drawn from a
database in our department. None of the control subjects
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had a history of psychiatric illness as confirmed with the
Mini International Neuropsychiatric Interview plus (MINI)
(Sheehan et al., 1998). Men with XXY were recruited with
help of the Dutch Klinefelter Association, and were not prese-
lected for psychological, behavioral or cognitive abnormalities.
Symptoms preceding diagnosis in this sample were small
testes, delayed puberty or infertility. Diagnosis of KS was
confirmed by genetic analysis (i.e. karyotyping) using stand-
ard procedures. Of the 13 men with XXY, 11 were treated
with testosterone supplements [mean age of treatment onset
was 23.4 (s.d. 6.8), mean duration of testosterone treatment
was 11.5 years (s.d. 6.3)]. Data on intellectual abilities as
measured with the WAIS-IIT (Wechsler Adult Intelligence
Scale) were available in our database for 11 of the 13 men
with XXY (intellectual abilities were measured within one
year of the fMRI session). Intelligence in men with XXY
was within the normal range, with a mean score of 94.4
(s.d. 14.35) for general intelligence, a score of 96.3 (s.d.
14.9) for verbal intelligence and 93.7 (s.d. 12.0) for perform-
ance intelligence. There were no significant differences in age
[#(1,29) =3.5, P=0.07] or years of education between the
groups [Klinefelter group 14.9 (s.d. 2.1), control group 15.9
(s.d. 1.8), #(1,29)=1.29, P=0.18]. Exclusion criteria for
both Klinefelter men and controls were IQ < 80, neurological
conditions or history of head injury with loss of conscious-
ness, recent history of substance abuse and intellectual dis-
ability. After complete description of the study (which was
approved by the local ethical board) to the subjects, written
informed consent was obtained according to the declaration
of Helsinki.

Autism traits

The Autism-spectrum Quotient (AQ) (Baron-Cohen et al.,
2001) is a self-administered questionnaire for adults that as-
sesses the degree to which any individual adult of normal
intelligence might have features of the core autistic pheno-
type. In a clinical population it has shown good test—retest
reliability and good discriminative validity for Asperger syn-
drome at a cutoff score of 26 (Woodbury-Smith et al., 2005).
In the general population, it has good discriminative validity
for high functioning autism/Asperger syndrome using a
cutoff score of 32 (Baron-Cohen et al, 2001). Scores on
the AQ have shown to be normally distributed in the general
population. Five subscales cover personality traits associated
with the autistic spectrum; social skills, communication,
imagination, attention to detail and attention switching.

Social judgment task

The psychological task used in the present study was an ad-
apted version of a task used by Winston et al. (2002) and
Baas et al. (2008). A scanning session lasted for 25 min and
consisted of 16 task blocks with a duration of 455, 16 base-
line blocks with a duration of 45s and 16 instruction trials
with a duration of 3s. There were two types of task blocks
and these types of task blocks were presented in random
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order for each subject. At the start of each task block, the
word ‘age’ or ‘trustworthiness’ appeared on screen during an
instruction trial to inform the subject of the task require-
ment. During eight task blocks, which were preceded by the
word ‘age’, subjects had to decide whether the faces that were
presented in the subsequent task block were older or younger
than 30 years of age. In the other eight task blocks, which
were preceded by the word ‘trustworthiness’, subjects had to
judge whether the faces were trustworthy or untrustworthy.
Task blocks consisted of 15 trials that were presented se-
quentially, and each trial consisted of a stimulus that was
presented for 1s followed by a fixation cross that was pre-
sented for 2s. Face stimuli were presented once to each sub-
ject, randomized to the different task blocks and presented in
random order across subjects. In total there were 120 face
stimuli. Every task block was followed by a baseline block,
during which a fixation-cross remained on screen. All sti-
muli, fixation crosses and instructions were presented on a
gray (50% white) background. During scanning, decisions
with regard to age and trustworthiness were indicated by
button presses. In contrast to the study by Winston et al.
(2002), we did not ask participants to also rate the faces with
regard to trustworthiness after scanning, as these ratings may
be different from during scanning due to repeated presenta-
tion and related increased familiarity. As our aim was to
compare brain activation in men with KS to nonclinical
controls during judgment of faces with regard to social as-
pects (trustworthiness) as well as during judgment of faces
with regard to nonsocial aspects, i.e. age, data on judgments
during scanning were sufficient.

Stimuli

Hundred and twenty frontal grayscale images of faces
(60 men and 60 women) with a neutral emotional expression
were used as stimuli. More than 80% of the photos were of
Caucasian persons. These images were selected from a larger
set of images on the basis of trustworthiness and emotional
valence ratings given by 36 nonclinical subjects in a separate
pilot study (9 men, 27 women; mean age 21.6, s.d. =3.3). Of
the images used in the present study, 75 were from the set
that Adolphs et al. (1998) used in their study of social cog-
nition in patients with bilateral amygdala damage. In order
to obtain a sufficient number of images for our analysis,
these images were supplemented with 45 images from the
psychological image collection of the psychology department
of Stirling University (PICS). The set of faces represented a
balanced distribution of faces ranging from low- to high
trustworthiness as judged in the pilot study. Note however,
that for fMRI data analysis we used an event-related design
in which the participants’ subjective trustworthiness ratings
of faces, as obtained during scanning, were used.

Scans

Brain imaging data were acquired using a 1.5 T Philips ACS-
NT scanner (Philips Medical Systems, Best, the Netherlands).
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For functional scans, 2D-EPI with BOLD (blood oxygen-
ation level dependent) contrast was used, with the following
parameters: echo time 40 ms; repetition time 2500 ms; flip
angle 90 degrees; field of view 192 x 192 mm. Each volume
comprised 33 axial scans with 2.2 mm slice thickness (and a
gap of 0.8 mm). Thus, voxel size was 3 mm isotropic and
volumes were continuously acquired every 2.5s in an inter-
leaved fashion (bottom slice first). In total, 600 volumes were
acquired. In the scanner, the head was held in place with a
strap and padding. Fach run was preceded by six ‘dummy’
scans (which were not used in further analyses) to allow for
T1 equilibration effects. Finally, a T1-weighted structural
image was acquired.

Regions of interest

Regions of interest (ROI’s) were selected based on the find-
ings in the fMRI study of Winston et al. (2002), showing that
the amygdala, insula, fusiform gyrus and STS are key brain
regions involved in judging trustworthiness from faces.
Using the WFU Pickatlas tool for SPM (Maldjian et al.,
2003), ROI’s for the fusiform area, insula and STS were
formed based on the talairach atlas (in MNI space) and a
ROI for the amygdala was formed based on the AAL atlas (in
MNI space). Size of the ROI’s was 162 voxels for the amyg-
dala, 1029 voxels for the fusiform gyrus, 1436 voxels for the
insula and 3872 voxels for the STS.

fMRI analysis

Functional MRI data preprocessing and analysis was done using
SPM2 (Wellcome Department of Imaging Neuroscience,
London, England; www.fil.ion.ucl.ac.uk). First, all raw data
were examined for motion and other imaging artifacts. After
slice-timing correction, all functional scans were registered
to the last volume of the last block and coregistered to the
anatomical scan. Next, all functional images were registered
to an MNI standard brain, to enable group-wise compari-
sons. All volumes were then smoothed with a 6 mm full-
width, half-maximum isotropic Gaussian kernel. Time series
were high-pass filtered with a cutoff of 128s to remove low
frequency signal changes.

In this event-related design, brain activity maps were ob-
tained by analyzing the fMRI scans categorized according to
individual (subjective) judgments of trustworthiness and age
as indicated during scanning. For each subject, a statistical
map (i.e. t-map) was obtained from a general linear model
regression analysis using a factor matrix that contained a
regressor modeling the onsets of faces that were judged to
be untrustworthy, a regressor modeling the onsets of faces
that were judged to be trustworthy and a regressor which
modeled the onsets of faces that were judged during the age
condition.

First, a whole brain analysis was performed (within group
analyses for the groups separately) on activation related to
trustworthiness decisions (all faces) vs baseline. In this ana-
lysis, a threshold of P=0.001 (uncorrected) with an extend
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threshold of 10 voxels was set. Second, significant activation
in each region of interest was determined in each voxel by
applying a statistical treshold. The threshold corresponded to
a P-value of 0.05, FWE (family-wise-error) corrected for
multiple comparisons and resulted in the control group to
a critical t-value of 3.70 for the amygdala, 4.80 for the fusi-
form gyrus, 5.22 for the insula and 5.73 for the STS. To
enhance the interpretability of the within-group activation
patterns, the thresholds that we applied in the XXY group
were identical to those in the control group. Note however,
that group differences in brain activation were explicitly
tested in two-sample t-tests per voxel. Several averaged con-
trasts maps were created for both groups, namely: trust-
worthy minus baseline, untrustworthy minus baseline,
untrustworthy minus trustworthy and age minus baseline.
The averaged contrast maps for each group (men with
XXY and controls) were subsequently entered in a two-
sample #-test and differential task activation was defined as
differential activation above a significance threshold of
P<0.001. As the two-sample #-test provides a measure of
the difference in brain activation between the two groups,
results from this test were crucial with regard to our research
questions.

RESULTS
Autism traits

Data from three subjects in the control group were invalid
due to incomplete questionnaires, and hence were left out
the analyses involving the questionnaire. Mean total AQ
score and all subscales separately were significantly higher
in men with Klinefelter as compared to controls. Total
score in the XXY group was 22.4 (s.d. 5.8) and in the control
group 11.2 (s.d. 6.4), F(1,26) =20.7, P<0.001). As com-
pared to men from the general population, men with
XXY displayed more autism traits in all domains; social
skills ~ (F1,26) =16.0, P<0.001), attention switching
(F1,26) =13.7, P=0.001, attention to detail (F1,26) =6.2,
P=0.019), communication (F1,26) = 8.0, P=10.009) and im-
agination [F(1,26) =4.4, P=0.045]. Effect sizes as expressed
in Cohen’s d were 1.8 for total AQ score, 1.7 for social skills,
1.9 for attention switching, 1.0 for attention to detail, 1.1 for
communication and 0.9 for imagination. See Figure 1 for
mean scores and s.d.s on the five subscales of the AQ.

Behavioral performance

A repeated measures analysis with the factors ‘group’ (con-
trol, Klinefelter) and judgement frequency’ (trustworthy, un-
trustworthy) indicated no significant main effect of group
[F(1,29) =0.45, P=0.50] and no significant interactions be-
tween group and frequency of trustworthiness judgments
[F(1,29) =0.03, P=0.87]. Within each group, no significant
differences between the mean number of decisions of ‘trust-
worthy’ and ‘untrustworthy’ were observed, as indicated by
post-hoc paired sample #tests [#(1,12) =1.21, P=0.25 for
men with XXY and #(1,17) =1.70, P=0.11 for controls].
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Fig. 1 Levels of autism traits in men with XXY and men from the general population
as measured with the AQ. Scores in all individual dimensions were significantly higher
in men with XXY.

Neural activations associated with judging
trustworthiness of faces
Results of the within group whole-brain analyses (trust-
worthy and untrustworthy faces vs baseline) are presented
in Table 1 for controls and Table 2 for men with XXY.
With regard to our ROI, within-group analyses indicated
significant activation in the fusiform gyrus in both groups
when faces were judged trustworthy compared to baseline.
In the control group the #-value was above threshold in
68 voxels (tnax=7.9; X, ¥, z=—39, —69, —21), whereas in
the XXY group this was 17 voxels (ty.=8.2; x, y, z=45,
—57, —24). Indeed, a subsequent two-sample t-test (between
group analyses) indicated slightly, but significantly, more
activation in the fusiform gyrus in controls as compared to

Table 1 Areas with significant activation associated with trustworthiness
judgments of faces in controls as indicated by a whole-brain analysis

Regional peak activation tmax Zmax No. of
value value voxels

X, ¥, z peak activation

Middle occipital gyrus 8.99 5.39 528 —48, —78, —12
Lingual gyrus (region 8.47 523 1704 -3, =750
includes fusiform gyrus)

Inferior frontal gyrus 7.19 4.81 234 48, 6, 36
Inferior frontal gyrus 6.85 4.68 81 30, 30, —3
Inferior frontal gyrus 475 3.74 17 51, 36, —6
Medial frontal gyrus 6.88 4.69 90 —6, 6, 48
Insula 6.53 4.56 61 —33,21,0
Cingulate gyrus 6.53 4.56 18 9, 24, 30
Caudate nucleus 6.11 438 21 —-12,9,3
Thalamus 6.04 436 77 18, —24, 12
Thalamus 5N 3.92 38 —6, —18,9
Parahippocampal gyrus 5.75 423 23 —15, =3, 15
Middle frontal gyrus 5.27 4.00 26 36, 42, 27
Middle frontal gyrus 5.04 3.89 10 42, 42, 15
Amygdala 4.89 3.81 14 18, —6, —18
Cerebellum 438 3.54 N 24,9, —9
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Table 2 Areas with significant activation associated with trustworthiness
judgments of faces in men with XXY as indicated by a whole-brain analysis

Regional peak activation tmax Zmax No. of
value value voxels

X, y, Z peak activation

Cuneus (occipital) 9.80 5.05 17 21, —93, 18
Fusiform gyrus 8.93 4.86 64 45, —57, —24
Fusiform gyrus 5.28 3.73 26 33, =75, —18
Lingual gyrus 6.21 4.08 63 12, —87, =3
Cerebellum 6.15 4.06 14 —18, =81, —21
Cerebellum 4.96 3.59 16 —42, =57, =27
Middle frontal gyrus 6.05 4.02 17 —39, 45, 12

men with XXY (two voxels, tn.=3.6; x, y z=30, —60,
—15). No significant activation in the amygdala, STS or
insula was observed in both groups.

The crucial comparison was the difference in brain acti-
vation between the groups when faces were judged untrust-
worthy vs baseline (see Figure 2). Again, within group
analyses of activation in our RO[I’s indicated significant ac-
tivation in the fusiform gyrus in the control group (62
voxels, tn.=7.8; % y z=39, —69, —18) and the XXY
group (one voxel, t=4.9; x, y, z=45, —57, —24). In add-
ition, significant activation in the amygdala (bilaterally) was
observed in the control group (16 voxels, t.c=4.2; x, ¥,
z=21, —3, —18), but not in the XXY group. Between

controls

controls
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group analyses, i.e. a two-sample #-test, not only showed sig-
nificantly more activation in the fusiform gyrus (17 voxels,
tmax = 4.7; %, ¥, z=—30, —33, —24), including the fusiform
face area (FFA, see Grill-Spector et al., 2004 for coordinates),
but also in the amygdala (12 voxels, fn.x=4.77; %
z=-21, 3, —18) in the control group as compared to the
XXY group. In order to assess whether group differences
were specifically present for faces that convey threat and
distrust, we examined group differences in brain activation
when faces were judged untrustworthy as compared to trust-
worthy. Comparing the contrast maps untrustworthy minus
trustworthy between the groups (using two-sample t-tests)
revealed that activation specifically associated with distrust
(untrustworthy minus trustworthy) significantly differed be-
tween the groups in the amygdala (four voxels, t,,c=3.2;
P=0.002), as well as in the insula (12 voxels, t,.«=2.9;
P=0.004), STS (39 voxels, tn.«=3.2, P=0.002) and in
the fusiform gyrus (11 voxels, t,..=3.1, P=0.002), which
included part of the fusiform face area. Less activation in
these area’s was observed in XXY men as compared to
controls.

Neural activations associated with judging age of
faces

When judging the age of the presented faces, within group
analyses showed significant activation (as compared to base-
line) in the selected ROI’s in both groups. In controls,

controls > XXY

controls > XXY

Fig. 2 T-maps showing voxels in the amygdala (A) and the fusiform gyrus (B) with a t-value above threshold (P <0.05, FWE corrected for multiple comparisons) during

untrustworthy judgments of faces in the control group and XXY group.
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significant activation in the fusiform gyrus (143 voxels, #,.x =
10.2; x, y, z= —39, —48, —24), insula (12 voxels, t,,, = 6.6; x,
¥, z=—33, 18, 9) and amygdala (two voxels, t,., =4.9; x, ¥,
z=21, —3, —12) was observed. In men with XXY, significant
activation was found in the fusiform gyrus (30 voxels,
tmax=7-8; %, ¥, z=42, —54, —21) and slight activation in
the insula (one voxel, t=6.1; x, y, z=-39, 12, 15) and
amygdala (one voxel, t=3.9; x, y, z=-24, =3, —27).
Between group analyses, i.a. a two-sample t-test, showed that
activation in the fusiform gyrus (11 voxels, ty.=4.3; % ¥,
z=-30, —66, —15) and STS (12 voxels, fi,.x=4.05; x, ¥,
z=—45, —54, 12), but not in the amygdala and insula, was
significantly stronger in in the control group than in the
XXY group.

DISCUSSION

This fMRI study examined brain activation patterns during
social evaluation of faces in men with an extra X chromo-
some (XXY chromosomal pattern) as compared to men
from the general population. Based on previous studies using
a comparable paradigm (Winston et al., 2002; Baas et al.,
2008), we focused on four ROI: the amygdala, the fusiform
gyrus, the insula and the STS. Our main interest was in brain
activation during judgements of trustworthiness. As ex-
pected, men from the general population displayed signifi-
cant activation in the amygdala and fusiform gyrus when
judging faces as untrustworthy. These brain regions are key
neural structures subserving the perception of social signals
from faces. Compared to control men, men with XXY dis-
played decreased activation in the amygdala and fusiform
gyrus during judging faces as untrustworthy. Less involve-
ment of the amygdala and fusiform gyrus, together with re-
duced activation in the STS and insula, in men with XXY
appeared to be specifically related to processing of threat and
distrust (untrustworthy faces as compared to trustworthy
faces). A second analysis was performed on brain activation
during nonsocial (age) judgements. As expected, we obser-
ved activation in the amygdala, fusiform gyrus and insula in
men from the general population when faces were evaluated
with regard to age. During age-judgments less activation in
the fusiform gyrus and STS was observed in men with XXY
as compared to control men. Although speculative, our find-
ings suggest that in men with XXY, the areas involved in
perceptual processing, i.e. the fusiform gyrus and STS, may
be less involved in evaluation of faces in general, as less ac-
tivation was observed during judgments of both trustworthi-
ness and age. The amygdala and insula may be specifically
less involved when detecting threat from faces, rather than
evaluations of faces in general, as less activation was only
observed during trustworthiness judgments and specifically
during untrustworthy as compared to trustworthy faces.
The amygdala plays a central role in the neural circuit sub-
serving social cognition and is known for its engagement in
screening information for emotional and social significance,
especially threat-related information (Amaral, 2003; Phelps,
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2006). As expressions on faces provide a crucial source of
information needed for decoding social and emotional sig-
nals, the amygdala generally activates in response to facial
expressions, especially to faces that indicate threat (Adolphs,
2001; Haxby et al., 2002; Phan et al., 2002). Reduced amyg-
dala involvement in men with XXY was specifically related to
processing of threat and distrus, as distrust related activity
(untrustworthy minus trustworthy) was lower in men with
XXY as compared to controls. This suggests that involve-
ment of the amygdala, in men with Klinefelter is less when
faces convey negative social signals such as threat. This
would be in line with neuro-cognitive studies on KS showing
that the identification of happy faces is intact, but that iden-
tification of angry faces is impaired (van Rijn et al., 2006b).
Interestingly, reduced engagement of the amygdala in men
with XXY as found in this study is in line with findings of
volume reductions of this area that have been observed in
structural MRI studies in KS (Patwardhan et al., 2002; Shen
et al., 2004; Giedd et al., 2007; Steinman et al., 2009).

Interstingly, similar to findings in the amygdala there were
other regions that showed lower distrust-related activation in
men with XXY as compared to controls. This was the insula,
which is involved in the subjective, physiological experience
of emotion and the STS, which is involved in perceptual
processing of faces. We can not exclude however, that
reduced activation in these regions was in part due to less
involvement of the amygdala signaling social and emotional
significance.

One of the areas that receives input from the amygdala is
the fusiform gyrus, a region in the occipital cortex that in-
cludes the ‘fusiform face area’ (FFA) (Puce et al., 1996). This
area appears to be important for visual processing of the
structural, static properties of faces, which are used to deter-
mine personal identity (Haxby et al., 2000; Adolphs, 2001).
Morris et al. (1998) have shown that activation in the fusi-
form gyrus can be modulated by activation in the amygdala.
They suggested that increasing threat-related social signifi-
cance as processed in the amygdala may elicit re-allocation of
attentional resources to allow detailed visual analysis of a
socially significant stimulus. Involvement of the fusiform
gyrus was less in men with XXY as compared to controls
during processing of untrustworthy faces, and also during
evaluation of faces with regard to age. Distrust related activ-
ity (untrustworthy minus trustworthy) was also lower in the
XXY group than controls. This suggests that in the XXY
group, the fusiform gyrus may be less involved in evaluation
of faces in general.

Our observations of reduced engagement of a neural net-
work for social cognition in men with XXY has several im-
plications. First, abnormal engagement of a neural network
subserving social information processing may underlie some
of the social cognitive dysfunctions and impaired social
adaptation that have been described in men with XXY
(Geschwind and Dykens, 2004; Simm and Zacharin, 2006;
van Rijn et al., 2006b, 2007). In line with other studies on
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vulnerability for ASD (Bruining et al., 2009; Bishop et al, in
press) and in accordance with a previous report on increased
levels of autism traits in a larger sample men with XXY in
our department (of which the present is a subsample)
(van Rijn et al., 2008), levels of autism traits were higher
in the XXY group. Effect sizes were large, ranging from
0.9 (Imagination) to 1.7 (Social skills) for the various sub-
scales of the AQ. Our present findings provide a specific
neuro-anatomical basis for the social behavioral phenotype
in KS.

Second, we can extrapolate from these findings that the X
chromosome may play an important role, directly or indir-
ectly through androgen effects, in the development of some
of the brain areas subserving social cognition. Besides pos-
sible direct genetic effects on neural development in KS,
hormonal effects should also be considered. KS is associated
with hypogonadism and levels of testosterone are often ab-
normal. Although prenatal and infant levels of testosterone
might be increased (Ratcliffe et al., 1994; but see Ross et al.,
2005; Aksglaede et al., 2007), low testosterone levels are typ-
ically seen from puberty onwards (Salbenblatt e al., 1985;
Aksglaede et al., 2008). It is thought that during develop-
ment circulating gonadal hormones can modify brain struc-
ture and -function of target areas. Interestingly, as shown by
animal studies, one of the major target areas of testosterone
is the amygdala (Simerly et al., 1990). However, the relation
between testosterone levels and neural development in KS is
probably complex; timing of exposure, sensitivity to testos-
terone reflected in androgen receptor density and modulation
by environmental factors such as androgen supplements are
important determinants in the effects of testosterone (Craig
et al., 2004). It will be interesting to explore the role of the X
chromosome and tesosterone deficiencies in future studies.

Third, our observations may help in understanding path-
ways to psychopathology that extend beyond KS. Deviant
social behavior and impairments in social cognitive func-
tions are considered core abnormalities in neurodevelop-
mental disorders such as autism and schizophrenia (Fein
et al., 1986; Corrigan and Penn, 2001; Abdi and Sharma,
2004). Neuroimaging studies have consistently shown abnor-
malities of the amygdala and fusiform gyrus in both autism
and schizophrenia (Abdi and Sharma, 2004). Interestingly,
these disorders are more prevalent in men. ASD are diag-
nosed approximately four times more often in boys than in
girls (Volkmar et al., 1993). This fact has led others to pro-
pose that dysfunctional neural circuits underlying social cog-
nitive impairments in autism may be related to genes on the
X chromosome, that are differentially expressed in men and
women (Skuse, 2000; Baron-Cohen et al., 2005). However,
such dysfunctions may not be specific for autism spectrum
pathology, but may also be related to schizophrenia spec-
trum pathology. Similarities between the autism and schizo-
phrenia spectrum have also been observed with regard to the
neurobiological underpinnings of impaired social cognition.
When asking individuals to judge faces with regard to
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trustworthiness, i.e. attribute intentions to others, fMRI
shows very similar patterns of brain activation in individuals
with an autism-spectrum disorder and paranoid schizophre-
nia patients (Pinkham et al., 2008). Our studies on KS also
suggest an overlap in social-cognitive dysfunctions asso-
ciated with autistic and psychotic behavior. Men with KS
display various social-cognitive deficits (van Rijn et al,
2006b) and do not only show increased levels of autistic
traits but also schizotypal traits (van Rijn et al, 2006a)
which is in line with a described increased risk for psychotic
disorders (Bojesen et al., 2006; Boks et al., 2007).

A limitation of this study was that IQ scores were not
available for all subjects. However, it has been shown that
IQ scores are strongly correlated with the number of years of
education individuals receive (Brody, 1992). Based on such
findings, the general consensus is that IQ measures a char-
acteristic of persons that also influences their educational
experiences such as years of education, independent of
socio-economic background (Brody, 1992), and that ‘num-
ber of years of education’ can be seen as a proxy of intellec-
tual functioning. As the groups were carefully matched on
this parameter (which was available for all subjects), we are
confident that the groups were very comparable with regard
to level of intellectual functioning. Another limitation is that
the XXY group was too small to perform correlational ana-
lysis between percentage signal change in specific brain areas
and scores on the autism questionnaire.

In future studies, it would be interesting to assess the role
of hormonal imbalances (testosterone) in relation to anat-
omy and function of the amygdala. Also it would be inter-
esting to more thoroughly examine how men with KS form
complex social judgments. The present study showed that
the frequency of untrustworthy judgments was equal in
both group, but apparently different neural circuits are
involved in making these judgments.

In sum, this study has revealed reduced engagement of the
amygdala, fusiform gyrus, insula and STS during social in-
formation processing in men with XXY as compared to men
from the general population. Compromised function of
these areas may underlie some of the deficits in social cog-
nition and vulnerability for autism that have been observed
in XXY boys and men. In addition, as KS is defined by an X
chromosomal abnormality and related androgen dysfunc-
tions, our findings suggest a link between these developmen-
tal mechanisms and maturation of some of the neural
regions supporting social cognition. In addition, our data
suggest that KS may serve as a more general model for study-
ing the genetic and hormonal basis of developmental
abnormalities in social cognition. This may be particularly
relevant since these deficits are considered core abnormal-
ities in severe psychiatric disorders such as autism.
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