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Objective: Anxiety disorders are among the most common
psychiatric disorders in youths and emerge during child-
hood. This is also a period of rapid white matter (WM) devel-
opment, which is critical for efficient neuronal commmunication.
Previous work in preadolescent children with anxiety disorders
demonstrated anxiety disorder—related reductions in WM mi-
crostructuralintegrity (fractional anisotropy [FA]) in the uncinate
fasciculus (UF), the major WM tract facilitating prefrontal cor-
tical-limbic structural connectivity. Importantly, this associa-
tion was found only in boys with anxiety disorders. To confirm
this finding and more comprehensively understand WM
changes in childhood anxiety, this mega-analytic study
characterizes WM alterations related to anxiety disorders and
sex in the largest sample of preadolescent children to date.

Methods: Diffusion tensor imaging data from published
studies of preadolescent children with anxiety disorders and
healthy volunteers (ages 8—-12) (N=198) were combined with
a new data set (N=97) for a total sample of 165 children with
anxiety disorders and 132 healthy volunteers. Children with
anxiety disorders met DSM-5 criteria for current generalized,
separation, and/or social anxiety disorder. Analyses of trac-
tography and voxel-wise data assessed between-group

Anxiety disorders emerge in childhood and early adoles-
cence and are among the most common psychiatric illnesses
in this age group (1, 2). Youths with anxiety disorders, such as
generalized, separation, and social anxiety disorder, suffer
from significant impairment and face increased risk for
additional stress-related psychopathology (3). A more in-
depth understanding of the pathophysiological processes
underlying childhood anxiety disorders will provide ratio-
nales for novel treatment targets in children with anxiety
disorders. Our work and that of others has identified alter-
ations in white matter (WM) pathways in children and adults
with anxiety disorders (4-9), which is of interest because
WM plays an important role in mediating optimal neuronal
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differences (anxiety disorder vs. healthy volunteer), effects
of sex, and their interaction.

Results: Tract-based and voxel-wise analyses confirmed a
significantreductionin UF FAin boys but not girls with anxiety
disorders. Results also demonstrated other significant wide-
spread anxiety disorder—related WM alterations specifically
in boys, including in multiple commissural, association, pro-
jection, and brainstem regions.

Conclusions: Inaddition to confirming male-specific anxiety
disorder—related reductions in UF FA, the results demon-
strate that anxiety disorders in boys and not girls are asso-
ciated with broadly distributed WM alterations across the
brain. These findings support further studies focused on
understanding the extent to which WM alterations in boys
with anxiety disorders are involved in pathophysiological
processes that mediate anxiety disorders. The findings also
suggest the possibility that WM microarchitecture could
serve as a novel treatment target for childhood anxiety
disorders.
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communication. It is important to recognize that WM is
modifiable, as preclinical and clinical studies demonstrate that
WM and myelin dynamically change with development and in
response to environmental factors, including behavioral and
pharmacological interventions (10-14).

Prefrontal-limbic dysfunction is thought to underlie the
pathophysiological processes associated with anxiety dis-
orders (15). In a previous study (4), we found anxiety dis-
order-related alterations in the WM tract that connects
prefrontal cortical regulatory regions to limbic regions (i.e.,
the uncinate fasciculus [UF]) in youths with anxiety disor-
ders. Of particular interest is that these UF alterations
appeared to occur selectively in boys and not girls. In further
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support of this finding, our nonhuman primate studies in
anxious young monkeys showed a similar sexually dimor-
phic effect (16). The absence of apparent UF alterations in
girls does not obviate the possibility of prefrontal cortical-
limbic involvement in pathological anxiety. The UF fractional
anisotropy (FA) effects could be present in girls but less robust
than in boys and, therefore, not detectable in the sample size
analyzed in our previous study. Also, it is possible thatboys and
girls differ in the prefrontal cortical-limbic mechanisms that
underlie the expression of pathological anxiety. In addition to
the sexually dimorphic anxiety disorder-related effects in UF
WM, lower FA was observed in other brain regions in both boys
and girls with anxiety disorders, including regions such as the
corpus callosum, inferior fronto-occipital fasciculus, and in-
ternal capsule (4). Only one study has examined WM micro-
structural integrity in adolescents with anxiety disorders (6).
While sexually dimorphic effects were not reported, that study
in adolescents with generalized anxiety disorder also found FA
reductions in the UF as well as in the inferior fronto-occipital
fasciculus, inferior longitudinal fasciculus, and corona radiata.
Given the small number of youths in whom the relation
between WM integrity and anxiety disorders has been ex-
amined, we performed a mega-analysis across our studies to
maximize the sample size and enhance confidence in the
findings. A particular focus was to further explore the extent
to which anxiety disorder-related WM alterations are sex-
ually dimorphic. Understanding sex-related differences in
the pathophysiology of anxiety disorders may be helpful in
explaining the increased risk faced by girls, as with puberty,
girls are twice as likely as boys to develop anxiety disorders
(17). The present analysis includes data from the two largest
cross-sectional diffusion tensor imaging studies of pediatric
anxiety disorders (4, 18) in addition to a newly collected
sample, for a total of 163 children with anxiety disorders
and 132 healthy volunteers (total N=295). Medication-free
children with current diagnoses of generalized, separation,
and/or social anxiety disorders were studied. We utilized
tractography and voxel-wise approaches to assess anxiety
disorder-related alterations in WM microstructure.

METHODS

In this study, we combined data from three samples collected
across a 9-year period. Samples1(4), 2 (18), and 3 were collected
during the periods of July 2013-July 2015, December
2017-February 2020, and June 2019-March 2022, respectively.

Participants

Recruitment and clinical assessment. Samples 1, 2, and 3 in-
cluded 98, 100, and 97 participants, respectively, for a total of
295 preadolescent children included in the present study
(163 with anxiety disorders, 132 healthy volunteers). Of the
295 participants, data from 103 children with anxiety disorders
and 95 healthy volunteers (samples 1 and 2) have been pub-
lished previously (4, 18). For samples 1 and 3, participants were
enrolled at two sites: University of Wisconsin-Madison (UW)
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and the National Institute of Mental Health (NIMH). Sample
2 was acquired entirely at UW. Informed assent and consent
were obtained from all participants and their parents, in ac-
cordance with the institutional review boards of UW and
NIMH. Individuals were compensated for their time and effort.

For all samples, children were enrolled between the ages
of 8 and 12 and underwent clinical, behavioral, develop-
mental, and neuroimaging assessments. Diagnostic assess-
ment included the Schedule for Affective Disorders and
Schizophrenia for School-Age Children-Present and Life-
time Version (K-SADS-PL) interview (19), administered by a
child psychologist or psychiatrist or by a trained study team
member under the supervision of a child psychologist or
psychiatrist. All cases were reviewed by two authors (N.H.K.
and D.S.P.) prior to inclusion in the study. Based on K-SADS-
PL evaluation, participants were categorized as either healthy
volunteers or as having an anxiety disorder. Children in the
anxiety disorder group met DSM-5 criteria for current gen-
eralized, separation, and/or social anxiety disorder; healthy
volunteers did not meet criteria for any past or current DSM-5
disorder other than past adjustment disorder. Our study fo-
cused on generalized, social, and separation anxiety disorders
because preadolescent anxiety most commonly presents with
admixtures of symptoms of these three disorders, and they are
highly comorbid with one another (20, 21). A similar approach
has been taken for large-scale treatment studies related to
childhood anxiety disorders (22, 23), as well as many neu-
roimaging studies focused on childhood anxiety disorders
(24). Children’s anxiety symptoms were rated by both child
and parent using the Screen for Child Anxiety and Related
Emotional Disorders (25). Across the three samples, partic-
ipants also provided self-report measures of depression, using
either the Child Depression Inventory (N=193) (26) or the
Mood and Feelings Questionnaire (N=93) (27), and of
externalizing symptoms, using the Conners’ Parent Rating
Scale-Revised (28). The Childhood Opportunity Index—a
census-derived composite metric of neighborhood-level edu-
cation, health and environment, and socioeconomic conditions
that relates to several health outcomes (29, 30)—was used in a
subanalysis in the 230 participants for whom data from this
index were available, to account for potential differences in
children’s environment (see the online supplement).

The majority of participants had never been treated for
anxiety or any other psychiatric disorder, and all had been
treatment free for a minimum of 6 months at the time of
the study. Major exclusion criteria included psychotropic
medication use, severe psychopathology in need of imme-
diate treatment, and comorbid diagnoses of major depressive
disorder, obsessive-compulsive disorder, posttraumatic
stress disorder, autism spectrum disorder, bipolar dis-
order, or schizophrenia. Children in the anxiety disorder
group with comorbid diagnoses of attention deficit hy-
peractivity disorder (ADHD) and/or oppositional defiant
disorder were eligible to be included, provided that the
ADHD or oppositional defiant disorder symptoms were less
severe than anxiety disorder symptoms.
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MRI Data Acquisition and Processing

Diffusion tensor imaging (DTI) acquisition. At both sites (UW
and NIMH), brain images were collected on a 3.0-T GE
MR750 scanner (GE Healthcare; Waukesha, Wisc.). Diffusion-
weighted MRI scans were obtained using a two-dimensional
echo planar imaging diffusion-weighted spin-echo sequence
with 48 optimal non-collinear directions and eight non-
diffusion weighted images (see the online supplement).

DTI processing, harmonization, and analysis. Image pro-
cessing steps were identical to those outlined in our previous
publications (4, 18) (see the online supplement). Briefly, the
FMRIB Software Library (FSL) tools for rigid registration
were used to correct diffusion-weighted images for distor-
tions resulting from head motion and eddy currents (31).
Images were normalized across all participants to create a
study-specific template that was then warped via rigid, af-
fine, and diffeomorphic (i.e., nonlinear) transformations to
an MNI-152 standard space structural template. Individual
tensor maps were generated in MNI space. Deterministic
tractography was performed in TrackVis (32) to delineate
seven bilateral tracts of interest across the brain, including
the UF, corpus callosum, cingulum, internal capsule, inferior
fronto-occipital fasciculus, superior longitudinal fasciculus,
and stria terminalis/fornix, which were selected based on
reports suggesting their involvement in the pathophysiology
of anxiety disorders and related disorders in both youth and
adult cohorts (6, 8, 33-38). An FA threshold of 0.1 was used
for fiber tracking, based on our previous work and given the
developmental nature of our work (4, 16, 18). For each image,
a weighted means approach was used to calculate each
diffusion metric (FA, mean diffusivity, radial diffusivity, axial
diffusivity) per tract, which down-weights the contribution
of voxels with relatively low numbers of fibers in each tract
(see the online supplement). Right and left hemisphere
metrics were averaged for bilateral tracts given no a priori
hypotheses related to laterality. Prior to analysis, tract-based
and voxel-wise DTI data were harmonized to account for
differences in site (UW vs. NIMH), sample (1 vs. 2 vs. 3), and
head coil (8- vs. 32-channel), using the neuroCombat pro-
gram in R (39, 40) and the neuroHarmonize program in
Python (41, 42), respectively (see the online supplement).
Whole-brain WM voxel-wise analyses were performed us-
ing the randomize program in FSL to assess anxiety dis-
order-related WM effects across the brain. Input data for
both analyses consisted of normalized FA images in standard
MNTI space.

Sex Hormone Collection and Analyses

Details on sex hormone (testosterone and estradiol) col-
lection and analyses are provided in the Supplemental
Methods section in the online supplement.

Statistical Analysis
Tract-based DTI analyses. Multiple regression was used to
assess the relationship between harmonized tract DTI
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metrics and group (healthy volunteer vs. anxiety disorder).
FA was considered the primary metric of interest, and mean
diffusivity, radial diffusivity, and axial diffusivity were sec-
ondary measures meant to inform the interpretation of the
FAresults. The following model estimated the main effects of
group and sex, as well as their interaction, in relation to a
given tract DTI metric, while covarying for age:

Tract FA (or mean diffusivity, radial diffusivity,
axial diffusivity) ~ group*sex + age

For the tract-based DTI analyses, we used a Bonferroni-
adjusted p value when determining statistical significance to
correct for multiple comparisons (seven WM tracts; cor-
rected p<<0.05/7=0.00714). Multiple regression modeling
was performed using the stats and ImSupport packages in
RStudio, version 2022.02.1.

Voxel-wise DTI analyses. In the voxel-wise analysis of har-
monized DTI parameter maps, general linear models using
permutation methods were implemented with the FSL
randomize tool (43) to estimate anxiety disorder-related
differences in FA—and in mean diffusivity, radial diffusivity,
and axial diffusivity as secondary measures—across whole-
brain WM, as well as the moderating role of sex while
controlling for age. Voxel-wise analyses were restricted to a
liberal WM mask (see the online supplement). Using threshold-
free cluster enhancement (TFCE), results were assessed at a
family-wise error (FWE)-corrected threshold of p<<0.05.

RESULTS

Demographic and Clinical Characteristics

The combined sample consisted of 295 participants, of
whom 163 had anxiety disorders and 132 were healthy
volunteers (Table1). Sex wasreported by the parent at the
time of study enrollment; 94 were male and 201 were
female. Participants self-reported their race and ethnicity;
221 (74.9%) were White, 33 (11.2%) were multiracial, 23
(7.8%) were Black, nine (3.1%) were Asian, six (2.0%) were
unknown, two (0.7%) were Native American, and one
(0.3%) was other. Racial and ethnic distributions did not
differ significantly between children with anxiety disorders
and healthy volunteers (race: x*>=2.33, df=6, p=0.89;
ethnicity: x*=2.20, df=2, p=0.33). In the subset of par-
ticipants for whom Childhood Opportunity Index data were
available (N=230), the mean rating was 0.035 standard
deviations above the national mean, and ratings did not differ
significantly by sex or group or show a group-by-sex in-
teraction (all p values >0.1). The mean age across the
combined sample was 10.56 years, and age did not differ
significantly between children with anxiety disorders and
healthy volunteers (t=0.44, df=293, p=0.66). Physical de-
velopment, as assessed by Tanner stage, did not differ sig-
nificantly by group or sex and did not show a group-by-sex
interaction (all p values >0.1). Additionally, sex distributions
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TABLE 1. Demographic and clinical characteristics of children with anxiety disorders and healthy volunteers®

Full Sample Girls Boys
Healthy Anxiety Healthy Anxiety Healthy Anxiety
Volunteer Disorder Group Volunteer Disorder Group Volunteer Disorder Group
Characteristic or Measure Group (N=132) (N=163) Group (N=87) (N=114) Group (N=45) (N=49)
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Age (years) 10.53 119 10.59 123 1058 1.10 10.62 116 1043 136 1051 1.40
1Q (WASI) 116.71 13.02 11385 1457 11506 1398 11335 1495 11982 1040 11496 1378
Tanner stage 1.76 0.87 1.97 1.00 180 0.89 2.05 1.02 1.69 0.83 178 0.92
COl (national z-scores) 0.03 0.02 0.04 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.04 0.02
N % N % N % N % N % N %
Race
Asian 4 3.0 5 31 3 34 3 2.6 1 2.2 2 41
Black 13 9.8 10 6.1 9 10.3 7 6.1 4 8.9 3 6.1
Multiracial 14 10.6 19 11.7 10 115 17 14.9 4 8.9 2 41
Native American 1 0.8 1 0.6 1 11 0 0.0 0 0.0 1 2.0
Other 0 0.0 1 0.6 0 0.0 1 0.9 0 0.0 0 0.0
Unknown 3 2.3 3 18 3 34 2 1.8 0 0.0 1 2.0
White 97 73.5 124 76.1 61 70.1 84 73.7 36 80.0 40 81.6
Ethnicity
Hispanic or Latino 8 6.1 17 10.4 8 9.2 12 10.5 0 0.0 5 10.2
Not Hispanic or Latino 121 91.2 144 88.3 77 88.5 100 87.7 44 97.8 44 89.8
Unknown 3 2.3 2 12 2 2.3 2 18 1 2.2 0 0.0
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Parent-rated SCARED 4.35 511 2959 1131 418 4.41 30.06 10.80 4.67 6.30 2852 1244
(anxiety)b
Child-rated SCARED 8.92 750 2991 1374 8.63 7.15 3243 13.30 9.49 818 2420 1311
(anxiety)P<d
CDI (N=193) (depression)®© 34.02 1447 4450 1719 3619 1263 4817 1460 2752 1773 3332 19.80
MFQ (N=93) (depression)® 026 051 5.79 451 0.43 0.65 6.09 490 0.14 0.36 5.38 3.94
CPRS-R (ADHD)¢ 4440 377 5899 1195 4532 3.88 5995 1287 4251 273  56.79 9.29

@ Demographic characteristics (age, IQ, Tanner stage, COl rating, race, ethnicity) did not differ significantly between children with anxiety disorders and healthy
volunteers across the full sample or by sex. CDI=Children’s Depression Inventory; COl=Childhood Opportunity Index; CPRS-R=Conners’ Parent Rating
Scale-Revised; MFQ=Mood and Feelings Questionnaire; SCARED=Screen for Child Anxiety and Related Emotional Disorders; WASI=Wechsler Abbreviated

Scale of Intelligence.

b Significantly higher in children with anxiety disorders compared with healthy volunteers (p<<0.001).

¢ Significantly higher in girls compared with boys (p<0.05).

d Significant group-by-sex interaction; higher in girls with anxiety disorders compared with boys with anxiety disorders (p<0.001).

did not differ significantly between children with anxiety
disorders and healthy volunteers (x>*=0.55, df=1, p=0.46).
Children with anxiety disorders exhibited significantly
higher symptom scores on all clinical measures compared
with healthy volunteers, including on anxiety, depression,
and externalizing symptoms (all p values <0.001) (see
Table 1). Additionally, compared with boys, girls had sig-
nificantly higher scores on child-rated anxiety, child-rated
depression, and externalizing symptoms (all p values <0.01).
Finally, a significant group-by-sex interaction was observed
for child-rated anxiety (p<<0.001), with post hoc tests in-
dicating that girls with anxiety disorders had significantly
higher scores compared with boys with anxiety disorders.

Anxiety-DTI Relations

Tractography-based results. In our combined sample, we
examined anxiety disorder-related differences in the WM
microstructure of seven major WM tracts (UF, corpus
callosum, cingulum, inferior fronto-occipital fasciculus,
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superior longitudinal fasciculus, stria terminalis/fornix,
and internal capsule), as described in the Methods section.
As expected, FA increased with age in six of the seven
tracts (p<<0.05, corrected). A main effect of sex was found
only in the cingulum (see Table S1 in the online
supplement).

Inrelation to anxiety disorder-related associations, there
was a main effect of group for UF FA (t=-2.86, df=290,
p=0.005), such that children with anxiety disorders exhibited
significantly reduced FA compared with healthy volunteers
(Figures 1 and 2). Significant group-by-sex interactions were
observed for UF FA (t=3.08, df=290, p=0.002) and inferior
fronto-occipital fasciculus FA (t=2.98, df=290, p=0.003),
such that the anxiety disorder-related reductions in FA oc-
curred predominantly in boys (see Figures 1 and 2). Separate
analyses of the boys and girls revealed significant anxiety
disorder-related FA reductions in the boys and not the girls.
When comparing boys with anxiety disorders to healthy
volunteer boys, in addition to anxiety disorder-related
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FIGURE 1. Group-by-sex interactions in relation to fractional anisotropy in seven bilateral white matter tracts?
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@ Each panel represents the group-by-sex interaction in relation to fractional anisotropy (harmonized values) in a given tract. CC=corpus callosum;
CING=cingulum; FA=fractional anisotropy; IC=internal capsule; IFOF=inferior fronto-occipital fasciculus; SLF=superior longitudinal fasciculus;
STRIA/FX=stria terminalis/fornix; UF=uncinate fasciculus.

b Group-by-sex interaction significant at the uncorrected threshold (p<0.05, uncorrected).

€ Group-by-sex interaction significant at the Bonferroni-corrected threshold (p<0.05, corrected).

FIGURE 2. Tract-level analysis of group differences and group-by-sex interactions in the fractional anisotropy of seven bilateral white
matter tracts®
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2 All analyses reflect harmonized data and include age as a covariate. CC=corpus callosum; CING=cingulum; FA=fractional anisotropy; IC=internal
capsule; IFOF=inferior fronto-occipital fasciculus; SLF=superior longitudinal fasciculus; STRIA/FX=stria terminalis/fornix; UF=uncinate fasciculus;
WM=white matter.

b Statistically significant at the Bonferroni-corrected threshold (p<<0.05, corrected).

¢ Statistically significant at the uncorrected threshold (p<<0.05, uncorrected).

FA reductions in the UF (t=-3.60, df=91, p<0.001)
and inferior fronto-occipital fasciculus (t=—3.06, df=91,
p=0.003), we observed significantly lower FA in the
corpus callosum for boys with anxiety disorders (t=—2.91,
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df=91, p=0.005) (see Figures 1 and 2). Inclusion of ad-
ditional covariates, including sex hormones (testosterone,
estradiol), Childhood Opportunity Index rating, depres-
sion, and externalizing symptoms, did not affect the
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anxiety disorder-FA associations (see Table SI in the
online supplement). Together, the results suggest a sex-
specific and widespread pattern of reductions in WM
microstructural integrity in children with anxiety disor-
ders relative to healthy volunteers.

Tract-based analyses of mean diffusivity, radial diffu-
sivity, and axial diffusivity revealed no significant anxiety
disorder-related effects or group-by-sex interactions (see
Table S2 and Figure S2 in the online supplement). At the
uncorrected level, significant effects of group were found
for radial diffusivity in boys, such that for several tracts,
boys with anxiety disorders exhibited increased radial
diffusivity relative to healthy volunteer boys (see Table
S2 in the online supplement).

Voxel-wise results. Voxel-wise analyses revealed a main ef-
fect of group, demonstrating significant anxiety disorder-
related FA reductions in clusters that overlapped with
portions of the UF, corpus callosum, cingulum, internal
capsule, inferior fronto-occipital fasciculus, coronaradiata,
external capsule, fornix, cerebral peduncles, inferior lon-
gitudinal fasciculus, and sagittal striatum (TFCE p<0.05,
FWE corrected) (Figure 3A; see also Table S3 in the online
supplement). Significant group-by-sex interactions were
evident for FA in clusters that overlapped with portions
of the UF, corpus callosum, internal capsule, inferior
fronto-occipital fasciculus, superior longitudinal fasciculus,
cingulum, external capsule, corona radiata, superior fronto-
occipital fasciculus, anterior commissure, anterior thalamic
radiation, cerebral peduncles, corticospinal tract, medial
lemniscus, cerebellar peduncles, sagittal striatum, and in-
ferior longitudinal fasciculus (TFCE p<0.05, FWE cor-
rected) (Figure 3B; see also Table S3 in the online supplement).
Separate analyses of the boys and the girls revealed no
anxiety disorder-related effects in girls, whereas boys had
significant FA reductions in WM regions across the brain
(TFCE p<0.05, FWE corrected) (Figure 3C; see also Table
S3 in the online supplement).

Voxel-wise analyses of radial diffusivity, mean diffusivity,
and axial diffusivity were also performed, and results are
presented in the online supplement.

DISCUSSION

In this mega-analytic study comparing preadolescent chil-
dren with anxiety disorders to healthy volunteers, we
combined data from two published samples from our lab-
oratories (4, 18) with data from a new sample of 97 children.
Our aim was to increase confidence in the previous findings
by maximizing the sample size for exploring the relation-
ships among WM microstructural alterations, anxiety dis-
orders, and sex in preadolescent children. We found 1)
reduced UF FA in boys with anxiety disorders relative to
healthy volunteer boys, consistent with our previous work
(4); 2) beyond the UF, more broadly distributed WM re-
ductions in boys with anxiety disorders; and 3) no evidence
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for anxiety disorder-related WM changes in preadolescent
girls.

Findings from the tract-based and voxel-wise analyses
demonstrated significantly decreased UF FA in boys with
anxiety disorders and not girls with anxiety disorders.
Anxiety disorder-related FA reductions were also observed
in other WM tracts in boys, including association connec-
tions (UF, inferior fronto-occipital fasciculus, superior
longitudinal fasciculus, external capsule, sagittal striatum,
inferior longitudinal fasciculus), commissural connections
(corpus callosum), projection connections (corona radiata,
internal capsule), and brainstem connections (corticospinal
tract, cerebral peduncles, medial lemniscus). Among youths
with anxiety disorders, radial diffusivity analyses also re-
vealed findings in boys and not girls in many of the regions in
which the FA alterations were detected in boys (see Figure
S4 in the online supplement). Studies have demonstrated
that DTI metrics can reflect different aspects of WM mi-
crostructure (44). FA values broadly reflect microstructural
integrity (e.g., myelination, cellular density, and/or axonal
coherence) (45, 46), whereas radial diffusivity, which is
incorporated into FA, has been more consistently associ-
ated with changes in myelination (47, 48). Taken together,
the FA and radial diffusivity findings suggest that the WM
changes observed in boys with anxiety disorders could be
due to alterations in myelination. These broadly distributed
WM findings in boys with anxiety disorders generally
overlap with and connect components of the neural circuitry
that underlie anxiety (49, 50). For example, the UF is the
primary WM tract linking prefrontal cortical and limbic
regions, which are involved in the regulation and expression
of anxiety, and the inferior fronto-occipital fasciculus fa-
cilitates prefrontal interactions with occipital and parietal
regions thought to subserve functions relevant to emotion
recognition and affective processing (51, 52). Considering
the essential role of myelination in supporting efficient
neuronal communication and neural network synchrony, itis
possible that the reductions in WM microstructural integrity
in these pathways, observed in boys with anxiety disorders,
contribute to aberrant communication between and among
key neural networks implicated in the pathophysiology of
anxiety disorders.

DTTI studies of individuals with anxiety disorders have
generally reported findings linking anxiety to reduced FA
across various WM regions throughout the brain. The ma-
jority of this work has been performed in adult populations
(7-9, 34, 53-59). Importantly, very few studies have char-
acterized WM alterations in youths with anxiety disorders
(4, 6, 18). A single study has been performed in adolescents
(6), and two in preadolescents (4, 18), both conducted in our
laboratory. Studies examining WM alterations in relation to
anxiety disorder-related measures in normative populations
also generally find negative associations between WM metrics
and anxiety across preadolescents, adolescents, and adults
(33, 38, 60-68). We note that a minority of studies also re-
port positive WM-anxiety correlations, including two in
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FIGURE 3. Voxel-wise analysis of group differences and group-by-sex interactions across whole-brain white matter
fractional anisotropy?®

Main Effect of Group
Anxiety Disorder < Healthy Volunteer

Group-by-Sex Interaction

Males Only: Main Effect of Group
Anxiety Disorder < Healthy Volunteer

2 Allanalyses reflect harmonized data and include age as a covariate. All three panels show sagittal, coronal, and transverse views at MN| coordinates 92,
126, 74). Results shown are using threshold-free cluster enhancement (TFCE) and are corrected for multiple comparisons using the family-wise error
rate (p<0.05, FWE corrected). Panel A shows voxels in which fractional anisotropy (FA) is significantly reduced in children with anxiety disorders
compared with healthy volunteers across the combined sample. Panel B shows voxels in which there is a significant group-by-sex interaction in
relation to FA. Panel C shows voxels, among the males alone, in which FA is significantly reduced in boys with anxiety disorders compared with healthy
volunteer boys. In analyses of females alone, there were no significant differences in FAbetween those with anxiety disorders and healthy volunteers. In
all panels, the binary white matter mask used in the voxel-wise analyses is underlaid in light green.
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participants with anxiety disorders and three in normative
samples (34, 35, 59, 69, 70).

Few studies in the WM-anxiety literature have examined
the interactions between sex, anxiety, and WM microstruc-
ture. Our previous studies in preadolescents with anxiety
disorders revealed a sexually dimorphic WM-anxiety rela-
tionship, such that boys with anxiety disorders, and not girls,
demonstrated reduced UF FA (4, 18). However, with regard to
DTI studies of adolescents and adults with anxiety disorders,
it is unclear whether any of these studies explicitly tested
anxiety disorder-by-sex interactions in relation to WM
metrics. Some studies in normative populations have tested
the moderating effect of sex on WM-anxiety associations (38,
62, 64, 66, 67, 69, 70). The two largest studies in adults re-
ported significant negative correlations between cortico-
limbic pathway FA and trait anxiety only in females, and not
males (66,67). These findings contrast with the male-specific
anxiety disorder-related FA decreases in preadolescents
detailed in the present study.

While the findings in this study demonstrate effects ex-
clusively in boys and, given reductions in UF FA, provide a
potential mechanism by which prefrontal-limbic interac-
tions could be altered in relation to anxiety disorders, this
does not preclude the possibility that girls with anxiety
disorders also have prefrontal-limbic alterations. The sex-
ually dimorphic nature of the finding here in preadolescent
children is striking. While boys with anxiety disorders ex-
hibit significant and widespread reductions in microstruc-
tural integrity relative to healthy volunteer boys, we find no
evidence of anxiety disorder-related WM effects in girls in
this cross-sectional analysis. We note that in a previous
report from our laboratory (18), we examined a large sample
of girls longitudinally and found a within-participant neg-
ative association between anxiety symptom severity and
whole-brain FA. The lack of a between-participant anxiety-
WM effect in girls in the context of a significant longitudinal
finding may suggest that anxiety disorder-related WM al-
terations in girls are more subtle than those in boys.

While the potential mechanisms underlying the sexually
dimorphic findings in the present study are unclear, sex
differences in WM maturation and oligodendrocyte biology
have been reported. Some studies suggest that patterns of
WM growth differ between males and females, although
these are generally reported to be small effects (71, 72). One
study demonstrated a more protracted trajectory of WM
growth in males and also a greater magnitude of FA in males
(71). Additionally, previous research has indicated sex-specific
pubertal effects on WM microstructure, as well as differential
relationships between sex hormones (i.e., testosterone, es-
tradiol) and WM (73-75). Therefore, based on these findings, it
would not be surprising to observe differences in WM pa-
rameters between boys and girls with anxiety disorders.
However, in our sample, we did not find significant effects of
age, pubertal status, or sex hormones on the observed group
differences. It is still possible that a period of delayed WM
growth could have occurred in boys with anxiety disorders
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prior to the age at which we studied them, and this could
potentially contribute to the observed differences in FA
magnitude between boys with anxiety disorders and healthy
volunteer boys. A few preclinical studies have examined
sex differences in oligodendrocyte and oligodendrocyte
progenitor cell (OPC) biology (76-78). Findings include the
demonstration that female OPCs exhibit more robust cell
proliferation and migration capacities in response to injury,
in addition to having higher levels of intracellular ATP (76,
77). There is also some evidence to suggest that proges-
terone may protect female oligodendrocytes from cellular
stress to a greater degree than for male oligodendrocytes
(78). In addition, male OPCs have been shown to have
heightened sensitivity to cytotoxic stress and increased
likelihood of cell death (77). Because of the data supporting
greater vulnerability of male OPCs, it is possible that ele-
vated levels of early-life adversity/stress—which are known
to increase the risk for psychopathology and negatively
affect WM microstructure—may differentially impact male
and female OPCs.

Some limitations must be considered in the interpretation
of the study results. Although this study was performed in a
relatively large sample of children, the majority of the study
participants were non-Hispanic White children. Studying
more individuals from other racial and ethnic groups in
future studies is critical to more fully understand the rela-
tions between WM and anxiety across diverse populations.
This study focused on the preadolescent period (8-12 years
old), and interpretation of the results is therefore limited to
this age range. Also, the subgroup of anxious boys was rel-
atively small. While we assessed estradiol and testosterone in
relation to WM-anxiety associations, it may be important to
include other hormonal markers, including dehydroepian-
drosterone, in future studies. In relation to interpreting the
data from this study, it is important to emphasize that DTI
metrics are indirect measures that reflect water diffusion
patterns within brain tissue and therefore may reflect not
only WM properties but also other factors that influence
water diffusion (e.g., other glial cells, microtubules) (79).
Additionally, while DTT metrics can reflect myelin content,
they can also reflect other microstructural properties, in-
cluding fiber density and cellular permeability (45). Another
important consideration is that tensor-based metrics are
limited in their ability to resolve complex microstructural
features, such as crossing and bending fibers, as well as
partial volume effects. Finally, other evidence suggests that
girls may have more subtle anxiety disorder-related WM
relations, which, in a cross-sectional design, might be elu-
cidated with other methods, such as neurite orientation
dispersion and density imaging (NODDI) and quantitative
relaxometry.

In summary, in the largest cross-sectional DTI study of
childhood anxiety to date, the results demonstrate that
childhood anxiety disorders are associated with broadly
distributed alterations in WM microarchitecture across the
brain, and, importantly, this cross-sectional relationship is
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evident only in boys. Anxiety disorders most commonly
emerge during preadolescence and early adolescence, pe-
riods during which there is rapid WM development (1, 10,
80). While not addressed in this study, it is possible that the
WM microstructural alterations observed here are related
to the underlying pathophysiology of childhood anxiety
disorders. Because evidence demonstrates that WM can
dynamically change in relation to various environmental,
behavioral, and pharmacological factors (12-14, 81), WM
microarchitecture could be a potentially modifiable target
for treating childhood anxiety disorders.
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