
Cognitive and Behavioral Correlates of Caudate
Subregion Shape Variation in Fragile X Syndrome

Daniel X. Peng,1 Ryan G. Kelley,1 Eve-Marie Quintin,1 Mira Raman,1

Paul M. Thompson,2 and Allan L. Reiss1,3,4*

1Center for Interdisciplinary Brain Sciences Research (CIBSR), Department of Psychiatry and
Behavioral Sciences, Stanford University School of Medicine, Palo Alto, California

2Imaging Genetics Center, Laboratory of Neuro Imaging, Department of Neurology, UCLA
School of Medicine, Los Angeles, California

3Department of Radiology, Stanford University School of Medicine, Palo Alto, California
4Department of Pediatrics, Stanford University School of Medicine, Palo Alto, California

r r

Abstract: Individuals with fragile X syndrome (FXS) exhibit frontal lobe-associated cognitive and
behavioral deficits, including impaired general cognitive abilities, perseverative behaviors, and social
difficulties. Neural signals related to these functions are communicated through frontostriatal circuits,
which connect with distinct regions of the caudate nucleus (CN). Enlargement of the CN is the most
robust and reproduced neuroanatomical abnormality in FXS, but very little is known on how this
affects behavioral/cognitive outcomes in this condition. Here, we investigated topography within focal
regions of the CN associated with prefrontal circuitry and its link with aberrant behavior and intellect
in FXS. Imaging data were acquired from 48 individuals with FXS, 28 IQ-matched controls without
FXS (IQ-CTL), and 36 typically developing controls (TD-CTL). Of the total participant count, cognitive
and behavioral assessment data were obtained from 44 individuals with FXS and 27 participants in the
IQ-CTL group. CN volume and topography were compared between groups. Correlations were per-
formed between CN topography and cognitive as well as behavioral measures within FXS and IQ-CTL
groups. As expected, the FXS group had larger CN compared with both IQ-CTL and TD-CTL groups.
Correlations between focal CN topography and frontal lobe-associated cognitive and behavioral deficits
in the FXS group supported the hypothesis that CN enlargement is related to abnormal orbitofrontal-
caudate and dorsolateral-caudate circuitry in FXS. These findings deepen our understanding of
neuroanatomical mechanisms underlying cognitive-behavioral problems in FXS and hold promise for
informing future behavioral and psychopharmacological interventions targeting specific neural path-
ways. Hum Brain Mapp 35:2861–2868, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Fragile X syndrome (FXS) is the most common known
heritable cause of behavioral and cognitive disability. It is a
disorder involving a transcriptional silencing mutation of the
fragile X mental retardation gene (FMR1) on chromosome
Xq27.3, which codes for the fragile X mental retardation pro-
tein (FMRP) [Krawczun et al., 1985]. FMRP is responsible for
translational regulation of proteins critical for synaptic matu-
ration and plasticity [Khandjian et al., 1996; Ule and Darnell,
2006; Zalfa et al., 2006]. Absence of this critical protein in
individuals with FXS causes delayed dendritic spine forma-
tion and decreased synaptic plasticity, resulting in impaired
neural development and function [Darnell et al., 2011; Nim-
chinsky et al., 2001; Pan et al., 2004; Rudelli et al., 1985].

The most robust neuroanatomical characteristic of indi-
viduals with FXS detected with neuroimaging is an
enlarged caudate nucleus (CN) [Bray et al., 2011; Eliez
et al., 2001; Hallahan et al., 2011]. Previous studies have
shown that the characteristic enlarged CN in FXS emerges
early, possibly prenatally [Hazlett et al., 2012; Hoeft et al.,
2010], and remains enlarged throughout adolescence [Bray
et al., 2011]. The CN is one of four basal ganglia, control-
ling and relaying information related to motor behavior,
learning, emotions, and directing attention. This informa-
tion is communicated through frontostriatal circuitry,
which connects with the CN in specific subregions [Sele-
mon and Goldman-Rakic, 1985]. The extant literature indi-
cates that different cognitive and behavioral signals are
communicated through distinct frontostriatal circuits
[Bonelli and Cummings, 2007].

The dorsolateral prefrontal circuit originates on the lat-
eral surface of the anterior frontal lobe and connects with
the dorsolateral CN head [Robinson et al., 2012; Selemon
and Goldman-Rakic, 1985]. This circuit plays an important
role in general cognition and executive functioning
[Alvarez and Emory, 2006; Lichter and Cummings, 2001].
The orbitofrontal circuit originates on the medial inferior
frontal gyrus and connects with the ventromedial CN,
playing an integral role in social behavior [Bonelli and
Cummings, 2007; Selemon and Goldman-Rakic, 1985].
Some symptoms associated with orbitofrontal lesions in
individuals who do not have FXS include decreased
impulse inhibition, lack of judgment and social tact, irrita-
bility, inattention, distractibility, increased motor activity,
and euphoria [Eslinger and Damasio, 1985; Lichter and
Cummings, 2001; Mendez et al., 1989; Meyers et al., 1992;
Starkstein and Kremer, 2001].

The cognitive and behavioral profiles of individuals with
FXS have been well described. The cognitive phenotype
associated with FXS includes intellectual disability and
impaired executive functioning abilities [Reiss and Dant,
2003]. Behaviorally, individuals with FXS exhibit many
autistic traits including repetitive behaviors, problems with
socialization, and excessive attention or sensitivity to partic-
ular sensory stimuli [Hagerman and Hagerman, 2002].
These behavioral and cognitive deficits may be related to

structural abnormalities in the aforementioned frontostriatal
circuits, including the CN [Hallahan et al., 2011; Hoeft
et al., 2007].

Previous surface-based modeling studies in FXS showed
that CN volumes are positively correlated with increasing
levels of autistic and repetitive behaviors and decreased
intellectual level [Gothelf et al., 2008]. The purpose of this
study was to build on these previous findings and more
precisely determine the nature of the relationship between
CN size increase, aberrant behaviors and intellectual level,
and prefrontal circuits in FXS. In light of current knowl-
edge regarding the function of human prefrontal-CN cir-
cuitry, we hypothesized that general impairment in
cognitive functioning would be associated with increases
in dorsolateral CN head sizes and increased aberrant
behavior with greater ventromedial CN sizes in individu-
als with FXS. These associations may be a key to under-
standing brain-behavior links in FXS and possibly serve as
biomarkers to test for the effectiveness of future ameliora-
tive interventions.

MATERIALS AND METHODS

Subjects

The study sample consisted of 112 subjects between the
ages of 15 and 27. This included a total of 48 individuals
with FXS, 28 IQ-matched controls (IQ-CTL), and 36 typi-
cally developing controls (TD-CTL). All groups were in the
same age range and were matched by sex. Participants in
the IQ-CTL and TD-CTL groups did not weigh less than 4.4
pounds at birth and were not born 8 weeks or more prema-
ture. We used standardized screening practices developed
in our laboratory to rule out significant neurological, psy-
chiatric, or medical conditions in the TD-CTL group that
could affect imaging results (e.g., traumatic brain injury
with loss of consciousness, significant impairment of hear-
ing or vision, learning disorders, and ADHD). In addition,
the FXS and IQ-CTL groups received a detailed question-
naire focused on developmental and medical history. The
IQ-CTL group was heterogeneous, with a continuum of
behaviors comparable to the FXS group. The IQ-CTL and
FXS groups were well matched for IQ and Autism Behavior
Diagnostic Observation Schedule—Communication and
Social scores. Standard Southern blot procedures and poly-
merase chain reaction analyses confirm the presence of the
FMR1 full mutation for participants in the FXS group.
Rapid polymerase chain reaction analyses confirm the
absence of the FMR1 expanded alleles for participants in
the IQ-CTL group [Tassone et al., 2008].

Cognitive and Behavioral Tests

Of the previously listed participants, cognitive and
behavioral data were acquired for 44 individuals with FXS
and 27 IQ-CTL individuals (Table I). No cognitive or
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behavioral data were obtained for the TD-CTL group other
than screening behavior checklists and interviews indicat-
ing the absence of significant cognitive, neurological, or
behavioral problems. The Aberrant Behavior Checklist—
Community (AbBC) was used to quantify behaviors of the
participants. The AbBC is divided into five subscales:
hyperactivity, inappropriate speech, irritability, lethargy/
social withdrawal, and stereotypy/repetitive behavior.
Scores were reported in each subscale, along with a total
score, with higher scores indicating worse outcome [Aman
et al., 1985].

The Wechsler Abbreviated Scale of Intelligence (WASI) or
the Wechsler Intelligence Scale for Children III (WISC-III)
was used to measure full-scale IQ (IQ). The WASI was
administered to participants over 16 years of age [Wechsler,
1999], and the WISC-III was administered to participants 16
years old and younger [Wechsler, 1991]. Specifically, 38 par-
ticipants in the FXS group were administered the WASI
and six the WISC-III. In the IQ-CTL group, 22 participants
were administered the WASI and five the WISC-III. Full-
scale IQ measures from the WASI and WISC-III are highly
correlated (r 5 0.87) [Wechsler, 1999].

MRI Acquisition

Each subject was scanned using a 3-T GE Signa scanner
(Lucas Center of Radiology, Stanford University), which
resulted in 124 contiguous T1-weighted, three-dimensional
volumetric slow spoiled gradient echo coronal slices, with
slices adjusted to a thickness of 1.5–1.7 mm to accommodate
the whole brain, repetition time (TR) 5 35 ms, echo time (TE)
5 6 ms, flip angle 5 45�, field of view 5 240 3 240 mm2,
matrix size 5 256 3 256, and in-plane resolution 5 0.94 mm3.

CN Delineation

The CN was delineated from the rest of the subcortical
structures using software version 4.5 of Freesurfer (http://
surfer. nmr.mgh.harvard.edu/), an automated MRI analy-
sis tool used to digitally segment brain structures [Dale

et al., 1999; Fischl and Dale, 2000; Fischl et al., 2002, 2004;
Segonne et al., 2004; Sled et al., 1998]. This method of sub-
cortical structure delineation is more consistent than man-
ual delineation because it reduces intra-rater and inter-
rater bias [Wonderlick et al., 2009]. Automated segmenta-
tions of the CN were visually inspected using FreeSurfer’s
FreeView application, and when needed, the appropriate
manual corrections were performed by a single rater. The
rater was trained to manually delineate the CN and had
achieved an intraclass correlation coefficient of �0.95 on a
gold-standard dataset before undertaking this analysis.
Manual editing of the CN was required for only one
dataset.

Volumetric Analysis

Left and right CN volumes were compared between
groups. CN volumes were adjusted for total brain volume
for each subject by dividing caudate volumes by total
brain volumes [Capitao et al., 2011]. Using ANCOVA, we
investigated group differences (FXS vs. IQ-CTL; FXS vs.
TD-CTL; and IQ-CTL vs. TD-CTL) for left and right
adjusted CN volumes, covaried by age. We analyzed
within-group associations between adjusted CN volumes
and AbBC total, AbBC subscale, IQ scores, as well as age.
Data did not satisfy parametric assumption of normal dis-
tribution, so nonparametric Kruskal–Wallis and Mann–
Whitney U-tests were used to compare adjusted CN
volumes between groups, and Spearman correlation was
used to analyze correlation between adjusted CN volumes
and AbBC total and subscale scores, IQ scores, and age.

Surface Contour Mapping

The FreeSurfer-generated CN ROIs were registered to a
standard brain-imaging template (ICBM452) using a nine-
parameter transformation accounting for total brain vol-
ume variation between individuals (FMRIB Software
Library—FSL). Using Shape Tools (http://www.loni.
ucla.edu/Software/ShapeTools), spatially transformed CN
ROIs were constructed into parametric surface mesh mod-
els [Thompson et al., 2004, 2007]. CN surface points
derived from FreeSurfer segmentation were matched
across subjects by equalizing their spatial frequency within
and across brain slices between subjects. A medial line
was drawn through the center, along the anteroposterior
axis, of each CN. To represent CN topography, radial dis-
tances were measured perpendicularly along the medial
line to each uniformly distributed surface point of the
model [Madsen et al., 2011; Thompson et al., 2004]. Radial
distances measured from corresponding surface points
were matched across subjects and averaged across groups.
Using an ANCOVA with age as a covariate, differences in
average radial distance for each corresponding surface
point across subjects were analyzed for the following com-
parisons: FXS vs. IQ-CTL, FXS vs. TD-CTL, and IQ-CTL

TABLE I. Demographic table with statistics

TD-CTL IQ-CTL FXS

N 36 28 48
Sex, F/M 17/19 15/13 31/17
Full-scale IQ — 69.7 6 15.9

(53–106)
71.0 6 19.2

(40–116)
ADOS — 5.45 6 4.08

(0–16)
6.74 6 5.26

(0–18)
Age, years 19.7 6 2.7

(15.3–25.8)
19.5 6 3.1
(15.2–26.7)

21.3 6 3.0
(15.4–25.9)

ADOS: Autism Behavior Diagnostic Observation Schedule—Com-
munity and Social Score. Mean 6 standard deviation, and range
in parenthesis.

r Cognitive/Behavioral Correlates of CN Shape in FXS r

r 2863 r

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://www.loni.ucla.edu/Software/ShapeTools
http://www.loni.ucla.edu/Software/ShapeTools


vs. TD-CTL [Thompson et al., 2004]. Post hoc Pearson’s
correlations were then conducted to investigate the associ-
ation between localized variation of radial distances for
each surface point and AbBC total and subscale scores, IQ,
and age. Each P-value was plotted onto a CN surface
mesh model.

Overall P-values corrected for multiple comparisons
were obtained through permutation testing (100,000 itera-
tions) of group or covariate assignment for the dorsal and
ventral halves of the left and right CN [Thompson et al.,
2003, 2004, 2007]. Permutation tests compared the statisti-
cal features observed in the true experiment to those
occurring with randomly assigned groups or covariate val-
ues. A ratio was calculated to quantify the probability of
randomly obtaining a statistical effect similar or greater
than that which would be observed in the true experiment.
Guided by the overall P-value for each dorsal or ventral
CN bisection, the locations of significant between-group
differences and within-group correlations were examined
visually with reference to caudate subregional anatomy
associated with the dorsolateral prefrontal and orbitofron-
tal circuits described above.

RESULTS

Differences in CN Volume Between Groups

Bilateral adjusted CN volumes were greater in the FXS
group compared with IQ-CTL and TD-CTL groups
(ANCOVA: P < 0.01 for all comparisons). There was no
significant difference in left or right adjusted CN volumes
between TD-CTL and IQ-CTL groups (ANCOVA: P > 0.05
for left and right comparisons).

Left adjusted CN volumes for FXS group data were not
normally distributed (Shapiro–Wilk 5 0.983, P 5 0.044).
From nonparametric tests, we found that bilateral adjusted
CN volumes of the FXS group were greater than those of
the TD-CTL and IQ-CTL groups (Mann–Whitney U-test, P
< 0.01 for all comparisons). CN volumes of the TD-CTL
group were not significantly different from those of the
IQ-CTL group (Mann–Whitney U-test, P > 0.05 for both
comparisons).

Correlations With CN Volume

In the FXS group, adjusted CN volumes were bilaterally
correlated with AbBC total (left Spearman’s correlation
coefficient q 5 0.358, P < 0.02; right q 5 0.356, P < 0.02)
and IQ (left q 5 0.477, P < 0.01; right q 5 0.394, P < 0.01).
In the IQ-CTL group, adjusted CN volumes were not cor-
related with AbBC total or IQ scores (P > 0.05 for all com-
parisons). Age was not correlated with adjusted CN
volumes in either group (P > 0.05 for all comparisons).
Complete statistics describing CN volume correlation with
cognitive/behavioral variables and age can be found in
Supporting Information Figure S1.

Differences in CN Topography Between Groups

We observed gross bilateral CN radial distance increases
in the FXS group compared with TD-CTL and IQ-CTL
groups (P < 0.005 for all comparisons). Figure 1 shows
greater dorsolateral CN head and ventromedial CN body
radial distances in the FXS group compared with TD-CTL
and IQ-CTL groups. Unilateral CN radial distance
increases were observed in the IQ-CTL compared with the
TD-CTL group for the right CN only (P < 0.01).

Figure 1.

Surface-based maps of the caudate nucleus showing significant

gross enlargement in (A) the IQ-control group (IQ-CTL, n 5

28) compared with the typically developing control group (TD-

CTL, n 5 36), (B) the fragile X syndrome group (FXS, n 5 48)

compared with the TD-CTL group, and (C) the FXS group com-

pared with the IQ-CTL group. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Correlations With Topographical Variation

in the CN

Age was not significantly correlated with CN topography
in any group (P > 0.05). In the FXS group, significant (P <
0.05) positive correlations between AbBC total scores and
radial distance variation were observed across bilateral CN
dorsal and ventral subregions, indicating that increases in
aberrant behavior were associated with greater topographi-
cal variation. These observed positive correlations between
radial distances and AbBC total scores extended down the
dorsolateral CN head and body as well as the ventromedial
CN body (Fig. 2 and Supporting Information Fig. S2). In the
IQ-CTL group, AbBC total scores were not significantly cor-
related with CN topography.

Investigation of overall correlations between each of the
five AbBC subscale scores and CN topography in the FXS
group yielded mixed results. Inappropriate speech and
irritability subscale scores were positively correlated with
dorsal and ventral radial distance variation (P < 0.05 bilat-
erally for both subscales). Lethargy/social withdrawal sub-
scale scores were positively correlated across bilateral
dorsal CN radial distances (P < 0.05), but not ventral (P >
0.05). Stereotypy subscale scores were positively correlated
dorsally and ventrally with radial distance on the left CN
(P < 0.05), but not the right (P > 0.05). Hyperactivity
scores were not significantly correlated with radial dis-
tance variation, but trended toward significance (0.05 < P
< 0.07 for all hemispheres). AbBC subscale scores were
not significantly correlated with CN topographical varia-
tion in the IQ-CTL group (P > 0.05).

With visual interpretation of the CN surface mesh mod-
els, we observed that greater ventromedial CN body radial
distances were linked to increases in inappropriate speech,
irritability, and stereotypy subscale scores (Fig. 2). Inap-
propriate speech and irritability subscale scores were bilat-
erally positively correlated with radial distances in the
ventromedial CN body, while stereotypy subscale scores
were positively correlated with radial distances of the left
ventromedial CN body, but not the right. Greater dorsolat-
eral CN head radial distances were linked to increases in
inappropriate speech, irritability, and stereotypy subscale
scores (Fig. 2 and Supporting Information Fig. S2). Inap-
propriate speech and irritability subscale scores were posi-
tively correlated with bilateral radial distance increases in
the posterior area of the dorsolateral CN head. Stereotypy
subscale scores were positively correlated with radial dis-
tances on the left dorsolateral CN head, but not the right.
The positive correlations between these AbBC subscale
scores and dorsolateral CN radial distances are displayed
in the lateral view shown in Supporting Information Fig-
ure S2. In addition, Figure 2 shows that although the per-
mutation analysis output indicates no significant
correlation between hyperactivity subscale score and CN
topographical variation, the positive correlation that is
observed is concentrated bilaterally within the dorsolateral
and ventromedial CN body.

In the FXS group, significant negative correlation (P <
0.05) was observed between IQ scores and radial distance
variation across bilateral CN dorsal and ventral subre-
gions, indicating that lower cognitive levels are associated
with larger radial distances. Subregions of negative corre-
lation were located bilaterally on the dorsolateral head
and body and unilaterally on the right ventromedial body
(Fig. 3). IQ scores were not significantly correlated with
radial distance variation within the IQ-CTL group.

DISCUSSION

This study sought to expand on the established finding
of enlarged caudate volumes in FXS [Bray et al., 2011;
Eliez et al., 2001; Hallahan et al., 2011] by investigating dif-
ferences in CN topography between FXS, IQ-CTL, and TD-
CTL groups. Additionally, we examined the association of
CN topography with cognitive and behavioral variations
in FXS. Supporting our hypothesis, the data showed larger
CN volumes and widespread radial distance increases in
the FXS group compared with the TD-CTL and IQ-CTL
groups. Further, we found that topographical variation in
the dorsolateral and ventromedial CN was correlated with
cognitive/behavioral variation in FXS. However, the
observed correlations lacked the specificity that we had
hypothesized.

Volumetric and topographical comparisons between the
FXS and IQ-CTL groups showed significantly larger over-
all and subregional CN size in individuals with FXS com-
pared with a non-FXS population of comparable cognitive
level. These results support the hypothesis that CN size
increase is linked to the fragile X genotype, and not gen-
eral lower cognitive level. Specific relevance of enlarged
CN size to the FXS phenotype was also supported by the
within-group correlation analyses, as neither AbBC sub-
scale scores nor IQ was correlated with CN topography in
the IQ-CTL group.

Within-group correlation data partially supported the
hypothesis that aberrant behavior and general cognition
would be associated with topography of specific subre-
gions of the CN in FXS. We observed positive correlation
between aberrant behavior and ventromedial CN enlarge-
ment and negative correlation between general cognition
and dorsolateral CN head enlargement. The ventromedial
CN is associated with the orbitofrontal circuit, which plays
a key role in social behavior, whereas the dorsolateral CN
head is a part of the dorsolateral prefrontal circuit, which
plays an important role in general cognition and executive
functioning [Alvarez and Emory, 2006; Bonelli and Cum-
mings, 2007; Lichter and Cummings, 2001; Robinson et al.,
2012; Selemon and Goldman-Rakic, 1985]. Based on our
observations and what is known about the function and
connectivity of these prefrontal circuits, it is probable that
well-documented CN enlargement in FXS is related to dis-
ruption in both orbitofrontal-caudate circuitry and
dorsolateral-caudate circuitry. Dysfunction of prefrontal-
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caudate circuits provides a conceptually parsimonious
explanation for several cognitive and behavioral deficits in
FXS [Hagerman and Hagerman, 2002; Reiss and Dant,
2003].

Contrary to our hypotheses, the observed correlations
were not spatially restricted as originally predicted (cogni-
tive function with dorsolateral CN head and aberrant
behavior with ventromedial CN). Inappropriate speech,
irritability, and stereotypy scores were correlated with dor-
solateral CN topography, and IQ was correlated with right
ventromedial CN topography in the FXS group. These
unexpected associations are likely due to interplay
between dorsolateral prefrontal and orbitofrontal circuit
functioning for each cognitive and behavioral task. Poor
executive functioning can underscore many aberrant
behaviors. The most apparent example is seen in the inap-

propriate speech subscale in which a high score can show
a participant’s difficulty with social behavior as well as
poor executive function (impulse inhibition). As executive
function is associated with the orbitofrontal circuit and
social behavior with the dorsolateral prefrontal circuit, it is
likely that both circuits are involved in a trait such as
inappropriate speech. The data suggest that it is difficult
to separate circuits involved with executive function
and general cognition from those involved with social
behavior.

We also observed unexpected, nonspecific correlations
between CN topography and behavioral/cognitive charac-
teristics (Fig. 2). Aside from the dorsolateral prefrontal
and orbitofrontal cortex, the CN is linked to additional cir-
cuits, which play essential roles in behavior, general cogni-
tion, and executive function [Robinson et al., 2012]. For

Figure 2.

Surface-based maps of the caudate nucleus showing positive correlation between Aberrant

Behavior Checklist total/subscale scores and radial distances in the fragile X syndrome group:

(A) total, (B) hyperactivity, (C) inappropriate speech, (D) irritability, (E) lethargy/social with-

drawal, and (F) stereotypy. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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example, the ventral CN is connected to the temporal lobe,
limbic striatum, hippocampus, and amygdala, whereas the
CN head is connected to the associative striatum [Robinson
et al., 2012]. It is likely that the existence of these circuits
confounded the correlation analyses between CN topogra-
phy and a priori defined behavioral/cognitive traits.

Several limitations to the generalizability of the findings
for this study should be considered. In this study, we
attempted to link CN subregion morphology to behavioral/
cognitive traits in FXS based on established prefrontal cir-
cuit functions. An assessment of the white matter micro-
structure of frontostriatal circuits through diffusion tensor
imaging would add to the findings of this study to better
represent the nature of the aberrant frontostriatal-caudate
connections in FXS. In addition, a subset of the structural
scans used in this analysis was acquired with a slightly
larger slice thickness than recommended for FreeSurfer
analyses (http://surfer.nmr.mgh.harvard.edu/fswiki/Free-
SurferBeginnersGuide). This permitted backward compati-
bility with longitudinal data while maintaining TR and T1
contrast. The use of the AbBC as the sole measurement of

aberrant social behavior was also a limitation. The AbBC is
a broad behavioral assessment tool and may not be ideal
for evaluation of highly specific aberrant behaviors.

In this study, we used a novel method for interrogating
brain-behavior links in FXS. We found that the characteris-
tic increase in CN volume among individuals with FXS is
associated with variation of both aberrant behavior and
general cognitive function. Furthermore, we found that
topographical variations in specific subregions of the CN
are linked with these cognitive and behavioral features in
FXS, though not in a manner that clearly delineates cogni-
tive from behavioral function. Our findings support the
overarching assertion that cognitive and behavioral fea-
tures of FXS are strongly connected to dysfunction of dor-
solateral prefrontal-striatal and orbitofrontal-striatal
circuits. Thus, assessment of the structure, function, and
connectivity of these circuits with in vivo neuroimaging
can potentially contribute a critical biomarker for use in
ongoing clinical trials for this important condition.
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