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Abstract

Cross-sectional Diffusion Tensor Imaging (DTI) studies have reported alterations in white matter (WM) microstructure in
adolescents with internalizing psychopathology. Yet, longitudinal studies investigating the course of WM microstructure
are lacking. This study explored WM alterations and its relation to clinical symptoms over time in adolescents with internal-
izing disorders. DTI scans were acquired at baseline and after three months in 22 adolescents with clinical depression and
comorbid anxiety (INT), and 21 healthy peers (HC) (age: 12—18). Tract-based spatial statistics was used for three voxelwise
analyses: i) changes in WM microstructure between and within the INT and HC group; ii) associations between changes in
symptom severity and changes in WM microstructure within youths with INT; and iii) associations between baseline WM
parameters with changes in symptom severity within youths with INT. Data did not reveal changes in WM microstructure
between or within groups over three months’ time nor associations between changes in WM microstructure and changes in
self-reported symptoms (analyses corrected for age, gender and puberty stage). Lower baseline levels of fractional anisotropy
(FA) in the right posterior corona radiata (PCR) and right cingulum were associated with a higher decrease of depressive
symptoms within the INT group. Post hoc analysis of additional WM parameters in the significant FA clusters showed that
higher levels of baseline mean diffusivity and radial diffusivity in the PCR were associated with a lower decrease in depres-
sive symptoms. Baseline WM microstructure characteristics were associated with a higher decrease in depressive symptoms
over time. These findings increase our understanding of neurobiological mechanisms underlying the course of internalizing
disorders in adolescents.
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Introduction

Depression is a prevalent mental illness in adolescence and
comorbidity with one or more anxiety disorders is high [1,
2]. A substantial proportion of the adolescents diagnosed
with depression display more severe symptoms, poorer
response to treatment and increased risk of suicidal behav-
iors. This complex psychopathology is often linked to
comorbidity with anxiety disorders [2]. Sadly, recent stud-
ies imply that comorbid anxiety disorders are rather the
rule than the exception in clinically depressed adolescents
as the majority of the adolescent clinical population with
depression has one or more comorbid anxiety disorders
[2]. Models suggest that complicated interactions between
environment, genes, neurobiological characteristics and
the timing of developmental stages contribute to the onset
and course of internalizing (anxiety and depressive) dis-
orders [3, 4]. Longitudinal studies may shed light on the
neurobiological mechanisms involved in the development
and course of these impairing disorders and could, thus,
be used to elucidate these interactions. Previous longitu-
dinal studies in at-risk or subthreshold populations have
suggested a complex interaction between the course of
anxious and depressive symptoms and white matter (WM)
neurodevelopmental plasticity, thus underlining the need
for longitudinal studies in clinical cohorts [4]. Yet, despite
the clear relevance for developing prevention and inter-
vention strategies, only limited longitudinal research into
possible neurobiological targets has been conducted in
adolescents with internalizing psychopathology (i.e., with
clinical anxiety and/or depression).

There are, however, several cross-sectional studies in
clinical adolescent anxiety and depression revealing struc-
tural and functional abnormalities in neural networks that
subserve affective processing, such as abnormalities in the
corticolimbic circuitry [3]. Main components of this net-
work include the amygdala, insula, hippocampus, anterior
cingulate cortex (ACC) and prefrontal cortex (PFC), which
regulate the experience, expression and evaluation of emo-
tions [3]. Alterations in emotion-processing networks have
been reported in studies in adolescents with anxiety or
depression such as functional and structural changes in
amygdalar and ACC networks. For example, impaired
amygdala habituation and decreased ACC volume have
been reported previously [5, 6]. To our knowledge, few
DTI studies in adolescents with clinical depression have
been conducted. These studies have reported lower frac-
tional anisotropy (FA), a general indicator of WM tract
microstructure, in adolescents with depression compared
to healthy peers in WM tracts such as the corpus callosum,
cingulum, inferior fronto-occipital fasciculi (IFOF) and
uncinate fasciculus (UF) [7-10]. In addition, only one DTI
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study has been conducted in adolescents diagnosed with
an anxiety disorder. Liao, Yang [11] reported lower FA
in adolescents with Generalized Anxiety Disorder (GAD)
compared to healthy peers in among others the IFOF, UF
and corona radiata. We refer the reader to Supplemental
Tables S1a and S1b for an overview of previous literature.
The UF, corpus callosum, IFOF and cingulum are thought
to be involved in regulation and communication within and
between regions of the corticolimbic network [12, 13].
Interestingly, these results seem to show overlapping pat-
terns compared to adult depression and anxiety, although
studies in the adolescent population are still few (Strawn
et al., 2014; Tseng et al., 2014). Considering the above,
alterations in functional and structural regions involved
in the corticolimbic network are likely to play a role in
adolescent anxiety and depression and could be targets for
further investigation.

In addition to these cross-sectional studies, a few longitu-
dinal, non-DTI studies have been conducted in adolescents
with internalizing psychopathology. Resting-state functional
connectivity (RSFC) studies in adolescent depression have
shown alterations over time in RSFC within and between
regions involved in emotion processing, such as the amyg-
dala and insula, and cognitive controlling regions such as
the ACC and prefrontal cortex. Importantly, baseline and
longitudinal changes in RSFC were associated with changes
in depression severity [14—16]. Furthermore, structural and
functional alterations in the insula and structural changes in
lateral and medial prefrontal regions have been associated
with future onset and illness course in adolescents at-risk for
depression or diagnosed with subthreshold depression [4].
Therefore, baseline characteristics are likely to be associated
with the development and course of the disorder. However,
longitudinal DTI studies in clinical adolescents with depres-
sion and comorbid anxiety are lacking.

The Emotional Pathways’ Imaging Study in Clinical Ado-
lescents (EPISCA) study is a longitudinal naturalistic study
designed to investigate neurobiological mechanisms related
to emotion processing and regulation in a clinical cohort of
adolescents with stress-related psychopathology. Measure-
ments were taken at baseline, three months and six months.
The study consisted of three groups: adolescents with inter-
nalizing (depressive and anxiety) disorders, adolescents with
trauma disorders and a healthy control group. Results of the
neuroimaging measurements at baseline have been previ-
ously reported [9, 17-20]. The present work explored WM
microstructure in adolescents with depression and anxiety
and a control group of healthy peers over a three-month
period, to gain more insight in longitudinal changes in WM
microstructure involved in a clinically representative popu-
lation of adolescents with internalizing psychopathologies.

In addition, we focused on the within-subject relation-
ship between (baseline) WM microstructure and clinical
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symptoms over time within the internalizing group. Our
main parameter of interest was FA. We used other DTI
parameters, being axial diffusivity (AD), mean diffusivity
(MD) and radial diffusivity (RD), to gain more insight into
characteristics of underlying WM microstructure involved
in adolescent anxiety and depression. DTI uses tensors
to model diffusivity of water molecules across the brain.
These tensors consist of three main eigenvalues (A, A, and
A3) which in turn can be used to calculate the four most com-
monly used characteristics of WM microstructure: fractional
anisotropy (FA), axial diffusivity (AD), radial diffusivity
(RD), and mean diffusivity (MD) (Alexander et al., 2007).
FA provides a relative difference between the largest eigen-
value as compared to the others, reflecting the tendency of
water molecules to diffuse in one direction as opposed to all
others and could therefore be described as a general indica-
tor for WM microstructure (e.g., myelin thickness, mem-
brane integrity) (Alexander et al., 2007; Hasan et al., 2004).
AD is defined as the first eigenvalue (%) and reflects water
diffusion along the principal direction of the fiber, displaying
fiber bundle coherence and axonal integrity (Budde et al.,
2009). RD is defined as the average of the second and third
eigenvalue (A, and A;) and reflects water diffusion perpendic-
ular to the principal direction of the fiber, thus being more
indicative of the level of myelinization (Song et al., 2005).
MD is defined as the average of the three eigenvalues and
hence reflects average water diffusion in all directions within
a fiber, thus putatively reflective of a degree of myelination
(Horsfield & Jones, 2002). In general, decreased FA is cou-
pled with decreased AD and / or increased RD and MD and
vice versa (Alexander et al., 2007; Kochunov et al., 2007).

Based on previous cross-sectional studies of white matter
in anxious or depressed adolescents compared to healthy
controls and longitudinal studies in at-risk groups [4, 811,
21], we expected different FA changes over time in the clini-
cal group compared to healthy peers in WM tracts previously
implied in emotion processing, such as the cingulum, UF
and corpus callosum. Directionality of these changes will
be investigated exploratory as results of previous literature
are few and heterogenous.

Methods
Participants

Participants took part in the Emotional Pathways’ Imag-
ing Study in Clinical Adolescents (EPISCA) study, and
were examined three times in a six-month interval between
January 2010 and August 2012 [22]. In the present study,
only data from two groups of adolescents between 12
and 18 years old were included from the first (base-
line) and second visit (three months after baseline), as

loss-to-follow-up was too great after six months (loss-to-
follow-up after three months: 16%, loss-to-follow-up after
six months: 24%).

The first group consisted of adolescents with clinical
depression and comorbid anxiety disorders (n = 30; inter-
nalizing disorders, hereafter referred to as ‘INT’). These
participants were recruited in outpatient departments of
two child-and-adolescent psychiatric clinics and included
in the study before start of care-as-usual (see Supplemental
Table S2 for more information about received treatments).
They (i) were diagnosed with clinical depression and at
least one clinical anxiety disorder as assessed by categori-
cal measures of DSM-IV depressive or anxiety disorders,
(ii) were being referred for cognitive behavioral therapy at
an outpatient care unit, and (iii) recent change in antidepres-
sant treatment.

The second group consisted of healthy control peers
(n=32, HC), who were recruited through local advertise-
ments. They had (i) no current or past DSM-IV diagnoses of
Axis I and/or Axis II disorders, (ii) no clinical scores on vali-
dated mood and behavioral questionnaires, (iii) no history of
traumatic experiences, and (iv) no current psychotherapeutic
and/or psychopharmacological intervention of any kind.

Exclusion criteria for both groups were: (i) a primary
DSM-1V diagnosis of attention deficit hyperactivity disor-
der, oppositional defiant disorder, conduct disorder, perva-
sive developmental disorders, posttraumatic stress disor-
der, Tourette’s syndrome, obsessive—compulsive disorder,
bipolar disorder, and psychotic disorders, (ii) current use of
psychotropic medication, (iii) current substance abuse, (iv)
a history of neurological disorders or severe head injury, (v)
age <12 or>21 years, (vi) pregnancy, (vii) left-handedness,
(viii) 1Q score < 80, as measured by either the Wechsler
Intelligence Scale for Children [23] (WISC) or the Wechsler
Adult Intelligence Scale [24] (WAIS), and (ix) general MRI
contraindications (e.g., metal implants, claustrophobia).

At the first visit, participants underwent clinical assess-
ment by a child and adolescent psychiatrist. Afterwards,
the Anxiety Disorders Interview Schedule [25] (ADIS) was
performed to obtain DSM-IV-based classifications of anxi-
ety and depressive disorders. To assess severity of anxious
and depressive symptoms, additional self-report question-
naires were completed at each visit, including the Children’s
Depression Inventory [26] (CDI) and the Revised Child
Anxiety and Depression Scale [27] (RCADS). More specifi-
cally, total scores on the CDI were used to assess depressive
symptoms and total t-scores on the anxiety subscale for the
RCADS to assess anxiety symptoms. Clinical scores were
defined as > 16 and > 70, respectively. Pubertal stage was
assessed using the self-report Pubertal Development Scale
[28] (PDS), according to the following categories: 1) pre-
pubertal, 2) early pubertal, 3) midpubertal, 4) late pubertal,
and 5) postpubertal. HC participants were excluded when
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criteria for a (history of) DSM-IV diagnosis or (sub)clinical
scores on clinical questionnaires were met.

Ethics

The EPISCA study was approved by the medical ethics com-
mittee of Leiden University Medical Center. All participants
provided informed consent according to the Declaration of
Helsinki; both participants and parents signed the informed
consent form. All anatomical scans were reviewed by a
radiologist.

Analysis of demographic data and symptom severity

To examine differences in demographic data and within-
subject changes of symptoms in the INT group, (paired)
t-tests or two-sided Fisher exact tests were used for continu-
ous and dichotomous data respectively. For non-normally
distributed data, as defined by a significant Shapiro—Wilk
test, the Mann—Whitney U test or Wilcoxon signed-rank
test were used. Incidental missing values on the self-report
questionnaires were replaced using expectation maximiza-
tion (see Online Resource Methods). The Bonferroni method
was used to correct p-values for multiple comparisons of the
symptom-related questionnaires (4 tests, being comparisons
on each timepoint of scores on the RCADS and CDI between
the INT and HC group, corrected p-value =0.0125).

MRI data acquisition

DTI data were collected using a Philips 3.0 T Achieva MRI
scanner (Philips Medical Systems, The Netherlands) with
an eight-channel sensitivity encoding (SENSE) head coil.
A single-shot echo-planar imaging (EPI) sequence was used
with the following scan parameters: single band, repeti-
tion time=11 000 ms, echo time =56 ms, flip angle =90°,
b factor = 1000 s/mm?2, voxel dimensions=2.3 mm iso-
tropic, number of slices =73, no slice gap. DTI data were
acquired along 32 directions, together with a baseline image
without diffusion weighting (b=0). Total scan time was
approximately 7 min. In addition, a sagittal three-dimen-
sional gradient-echo T1-weighted image was acquired for
registration purposes with the following scan parameters:
TR =9.8 ms; TE=4.6 ms; flip angle =8°; 192 X 152 matrix;
FOV =224 %177 x 168 mm, 140 sagittal slices; no slice gap;
1.16x 1.16 x 1.20 mm voxels. Prior to scanning, all partici-
pants were introduced to the scanning situation by lying in a
dummy scanner and hearing scanner sounds. All participants
were scanned within 2 weeks of initial screening and were
new to MRI-scanning procedures.
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Processing of DTl data

Image pre-processing and analyses were performed using the
Oxford Centre for Functional Magnetic Resonance Imaging
of the Brain (FMRIB) Software Library (FSL), version 6.0.3
[29]. The Brain Extraction Tool (BET) was used to remove
non-brain tissue from the non-diffusion images. Image dis-
tortion and motion artifacts induced by eddy currents, inter-
volume and intra-volume head motions were corrected and
outliers were replaced with Gaussian Process predictions
[30]. Image quality was statistically evaluated afterwards
[31]. Individual FA images and primary (},), secondary (A,)
and tertiary (A;) eigenvalues were created by fitting a tensor
model to the raw diffusion data using FMRIB’s Diffusion
Toolbox (FDT).

Standard protocols designed to facilitate harmonized
image analysis across multiple sites (http://enigma.ini.usc.
edu/protocols/dti-protocols/) were used to visually and sta-
tistically evaluate individual vector and raw FA images.
These protocols are designed for mega- and meta-anal-
yses within working groups of the ENIGMA consortium
(Thompson et al., 2014; Thompson et al., 2020). All DTI
data in the present study were collected in one MRI scanner.

Afterwards, a study-specific template was created and
registered to MNI standard space (see Online Resource
Methods). Individual maps of diffusivity measures were
calculated using the eigenvalues and aligned onto the tem-
plate, defining axial diffusivity (AD) as A,, radial diffusiv-
ity (RD) as A3 =(A,+A;) / 2 and mean diffusivity (MD) as
Aaz=( +A,+273) / 3. Then, using TBSS, all participants'
FA and non-FA images were projected onto the template
[32].

Subsequently, quality control was performed twofold: we
visually inspected the registered images for misalignment
onto the skeleton and calculated individual projection dis-
tances of the extracted skeletons onto the template to detect
outliers. Outliers were defined as individual projection dis-
tance to the template exceeding the threshold of 3.8 mm,
which could represent bad alignment to the template [33].
All images were well aligned, and no outliers were detected.

Tracts of interest (TOI)

Based on previous literature, three tracts of interest (TOI)
were combined in one binary mask, being the UF (bilat-
eral), cingulum (bilateral) and corpus callosum (genu,
body and splenium) using the Johns Hopkins University
(JHU) ICBM-DTI-81 white matter labels atlas [34] pro-
vided by FSL. Subsequently, this mask was combined with
the mean FA skeleton to include only voxels comprised in
both the tract and the skeleton. This confined the statisti-
cal analysis to voxels from the center of the tract, thereby
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minimizing anatomic inter-subject variability, deviations
in registration and partial volume effects [35].

Statistical analysis of DTl data

First, we examined voxelwise changes in FA over time
between patients and controls by conducting a multi-level
block permutation analysis to allow permutation infer-
ence with repeated measures data, using 5000 permuta-
tions and threshold-free cluster enhancement (TFCE) [36,
37]. Three contrasts were investigated: i) change over time
within the INT group (T2>T1 and T1> T2), ii) change
over time within the HC group (T2>T1 and T1> T2), and
iii) a group X time interaction using an F-test. A Bonfer-
roni correction of 0.05/2=0.025 was applied to correct
the first two contrasts assessing changes within group over
time.

Second, we examined voxelwise associations between
longitudinal changes in FA and changes in anxiety and
depressive symptoms using FSL’s randomize with 5000
permutations and TFCE [37]. Changes in symptom sever-
ity were calculated for each patient by subtracting baseline
scores on the self-report questionnaires from scores after
three months (ACDI, ARCADS), where a negative A-score
implied a decrease in self-reported symptoms. Similarly, the
change in FA (AFA) was calculated by subtracting individ-
ual voxelwise values of FA on baseline from voxelwise FA
values after three months. Then, associations between AFA
and i) ACDI and ii) ARCADS were investigated in separate
models. For each analysis, gender, age and puberty stage at
baseline (centered) were modeled as covariates of no interest
and variance smoothing of sigma=2.1 mm and family-wise
error (FWE) correction of p <0.05 were applied.

Third, we investigated within-subject in the INT group
whether baseline FA showed an association with changes
in anxious (ARCADS) and depressive symptoms (ACDI)
as described above. Again, for each analysis, gender,
age and puberty stage at baseline (centered) were mod-
eled as covariates of no interest and variance smoothing
of sigma=2.1 mm and FWE correction of p <0.05 were
applied.

In all analyses, we first investigated FA, as this is a gen-
eral indicator of WM microstructure. Additional parameters
(AD, MD and RD) were examined in significant clusters
only. Analyses were conducted within the a priori-defined
TOIs and in exploratory whole-brain analyses to investigate
changes outside the TOI. The JHU ICBM-DTI-81 white
matter labels atlas and JHU white matter tractography atlas
were used to locate significant findings [34]. Participants
were included in the respective association analyses if the
questionnaire (RCADS or CDI) was filled out on baseline
and after three months.

Results
Sample

Two participants (n=1 INT, n= 1 HC) were excluded due to
an anomaly on the structural T1-scan and one HC participant
was excluded as criteria for clinical psychopathology were
met. Six participants (n=3 INT, n= 3 HC) were excluded
due to technical issues and an additional six participants
did not follow up after the first visit (n=4 INT, n=2 HC).
Thus, the final sample for initial analysis consisted of 47
participants (n=22 INT, n = 25 HC).

After pre-processing, data from n =43 participants (n22
INT, n =21 HC) were available for further analysis, as for
one HC participant BET was unable to adequately extract
non-brain tissue images and an additional three HC par-
ticipants had to be excluded due to excessive head motion
(defined as relative head motion with respect to the previous
volume > 2.5 mm).

Demographics

Sample characteristics are summarized in Table 1. Partici-
pants in the INT group reported significantly higher lev-
els of internalizing symptoms (self-reported anxiety and
depressive symptoms) and puberty stage compared to their
healthy peers at both time points. They did not, however,
differ with respect to gender distribution, age, IQ or days
between visits. Within the INT group, participants reported
a significant decrease in depressive symptoms (T =50.00,
z=— 2.05, p=0.04; Wilcoxon signed-rank test) but not in
anxiety symptoms after three months (t(20)=1.33, p=0.20;
paired ¢ test).

DTl analyses

Significant results are summarized in Table 2 and illustrated
in Fig. 1 and Online Resource Figures S1 and S2. Permuta-
tion analyses did not reveal significant differences in FA
over time within the INT or HC group or a significant time
x group interaction. In addition, whole-brain and TOI analy-
ses did not show significant associations between AFA and
ACDI or between AFA and ARCADS within the INT group.

Whole brain voxelwise analyses within the INT group
revealed that baseline FA in the right posterior corona
radiata (PCR; TFCE and FWE corrected p=0.03) and a
small peripheral cluster in the cingulum (TFCE and FWE
corrected p =0.04) were positively associated with ACDI
(Table 2). Additional permutation analyses in the PCR fur-
ther revealed that baseline RD (TFCE and FWE corrected
p<0.001) and MD (TFCE and FWE corrected p=0.01)
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Table 1 Demographic characteristics of participants with and without clinical depression and comorbid anxiety

INT (n=22) HC (n=21) Statistical analysis
Primary diagnoses® (1)
MDD +GAD 14
MDD +SAD 14
MDD + specific phobia
MDD + panic disorder 5
MDD + separation anxiety
Demographics
Age in years (mean + SD; range) 15.93+1.45 (13.23-17.99) 15.09+1.80; t(41)=1.68, p=0.10
(12.33-17.80)
Male/Female (n) 2120 4/17 p=0.41,0R=1.08,95% CI=0.24-4.76
1Q (mean +SD) 105.18 £8.17 106.67+8.36 t(36)=0.59, p=0.56
Puberty stage (median +SD) 4.00+£0.73 4.00+£0.73 U=253.00,z=2.32, p=0.03
Days between visits (median + SD) 100.00+£10.72 98.00+12.48 U=271.00,z=0.98, p=0.33
Ethnicity (% white) 90.00 96.88 p=0.61, OR=3.44,95% CI=0.34-35.09
Self-report measures (median + SD)
CDI on baseline 20.00+8.91 4.00+3.48 U=419.50, z=4.59, p <0.001***
CDI after three months® 11.00+9.12 2.00+3.84 U=371.00, z=4.22, p<0.001***
RCADS on baseline 33.00+15.01 9.00+10.63 U=374.50, z=3.90, p <0.001***
RCADS after three months® 25.00+15.32 10.00+8.66 U=359.50, z=3.90, p <0.001***

Secondary (externalizing) diagnoses?® (n)
ADHD; inattention
ADHD; hyperactive
Oppositional Defiant Disorder

N = =

Behavioral Disorder

MDD Major Depressive Disorder; GAD Generalized Anxiety Disorder; SAD Social Anxiety Disorder; ADHD Attention Deficit Hyperactivity
Disorder; CDI Children’s Depression Inventory; RCADS Revised Child Anxiety and Depression Scale; OR unadjusted Odds Ratio; CI Confi-

dence Interval; SD Standard Deviation

# Diagnoses are not mutually exclusive

b Two patients did not complete the questionnaire
¢ One patient did not complete the questionnaire

**% Significant at Bonferroni-corrected p value of 0.0125

Table 2 Significant associations

. Cluster index Voxels (mm?®) p Peak MNI coordinates  Location
between baseline FA and
longitudinal changes in X y z
depressive symptoms within
adolescents with depression and 2 924 0.03 20 -39 39 Right corona radiata (posterior)
comorbid anxiety 1 122 0.04 16 31 32 Right cingulum (cingulate gyrus)

Threshold-free cluster enhancement (TFCE) and family-wise error (FWE) corrected at p values < 0.05

were significantly negatively associated with ACDI. AD
was not significantly associated with ACDI. In other words:
lower baseline FA and higher baseline MD and RD were
associated with a higher decrease in self-reported depres-
sive symptoms, as defined by a negative ACDI score. Data
did not reveal significant associations between ACDI and
additional WM parameters in the cingulum or significant
associations between baseline FA and ARCADS.
Interestingly, participants who reported > 5 points
lower on the CDI after three months compared to baseline
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had significantly lower FA on baseline in the PCR (ACDI
scores < —5; n=9, mean ACDI+SD=-10.55+4.91;
mean FA +SD =0.52 +0.06) compared to those who did
not change more than < — 5 or even had positive ACDI
scores (n=11, mean ACDI+SD =1.64 +4.64; mean
FA+SD=0.57+0.04; t(14)=2.42, p=0.03; illustrated
in Fig. 1B and Online Resource Figure S2).
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Fig. 1 Significant associations between baseline FA and longitudinal
changes in depressive symptoms within adolescents with depression
and comorbid anxiety a Significant cluster from voxelwise whole-
brain analyses of fractional anisotropy (FA). Sagittal, coronal and
axial sections of the WM skeleton (blue), with a subregion of the pos-
terior corona radiata (PCR) showing significant associations of base-
line fractional anisotropy (FA) with longitudinal changes in depres-

Discussion

In the present naturalistic study, we investigated the lon-
gitudinal course of parameters of WM microstructure in
a group of adolescents with clinical depression and anxi-
ety (INT) and compared these to a group of healthy peers
(HC), using voxelwise TOI-based and exploratory whole-
brain analyses. Furthermore, we examined within-subject
associations between clinical symptoms and WM param-
eters in the INT group: we explored associations between
changes in WM parameters and changes in clinical symp-
toms, and we investigated whether baseline WM param-
eters were associated with subsequent changes in clinical
symptoms over a three-month period. As far as we are
aware, this is the first longitudinal DTT study investigating
WM microstructure in a naturalistic cohort of adolescents
with clinical depression and anxiety, thus providing a first

0.40

0.45 0.50 0.55 0.60 0.65
FA

y -39 z39

sive symptoms within adolescents with depression and comorbid
anxiety (p<0.05, threshold-free cluster enhancement (TFCE) and
family-wise error (FWE) corrected (yellow/orange)). The color bar
indicates p values. b Association between baseline fractional anisot-
ropy in the PCR and longitudinal changes in depressive symptoms
within adolescents with depression and comorbid anxiety. CDI chil-
dren’s depression inventory; FA fractional anisotropy

step in exploring WM microstructure in the course of these
impairing mental illnesses.

Data revealed no significant changes in FA within and
between the INT group and HC group over a three-month
period; neither did we find evidence for significant correla-
tions between changes in FA and changes in self-reported
internalizing symptoms in the INT group. Voxelwise
whole-brain analyses revealed that lower baseline values
of FA in the right posterior corona radiata (PCR) were
associated with a higher decrease in depressive symptoms
after three months. Additional analyses showed that higher
baseline values of MD and RD in the PCR were associ-
ated with a higher decrease in depressive symptoms. Fur-
thermore, lower baseline values of FA in the right cingu-
lum were associated with a higher decrease in depressive
symptoms after three months, but no associations between
depressive symptoms and other WM parameters in this
cluster were found.
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The corona radiata is part of the limbic-thalamo-cortical
circuitry and has been implicated in several psychiatric dis-
orders such as major depressive disorder and schizophrenia
[38, 39]. It consists of several white matter tracts, such as the
superior corona radiata (SCR) and posterior corona radiata
(PCR). Lower FA in the SCR has been associated with an
increased risk of psychopathology in a sample of healthy
adolescents with a familial history of internalizing and/or
externalizing psychopathology [40]. The PCR consists of
ascending fibers connecting the thalamus with the cerebral
cortex, and descending fibers connecting the frontoparietal
cortex with subcortical nuclei and the spinal cord, includ-
ing areas functionally involved in the default mode network,
which regulates attention during cognitive performance, and
in top-down control of emotional experience and mood [41,
42]. In general, low FA coupled with high MD and RD and
unchanged AD could be indicative of demyelination, low
axonal packaging or less spatial coherency of fiber align-
ment [43, 44]. Thus, our results might point at less spatial
coherency in the PCR, as bundles of the corona radiata fol-
low a geometrically complex path with a high degree of
intra-voxel changes in fiber orientation before reaching the
corpus callosum [42, 45]. However, the role and function of
the PCR in the onset and development of adolescent depres-
sion and anxiety is yet to be further unraveled.

The cingulum, the other track implicated in this study, is
functionally involved in among others regulation of emo-
tional states. Anatomically, the cingulum bundle runs in the
cingulate gyrus from anterior to posterior sections of the
brain and is thought to mediate communication between the
cingulate gyrus and regions involved in the limbic system,
as well as within regions of the cingulate gyrus [12, 41].
Previous research has implicated lower FA in the cingulum
in adolescent depression compared to healthy controls [10,
21]. In addition, decelerated maturation of myelin and lower
age-related FA increase in the cingulum has been associ-
ated with anxiety symptoms in healthy adolescents [46, 47].
These results could imply a role of the cingulum in impaired
regulation of emotional states, contributing to onset and per-
sistence of internalizing disorders. However, as we discov-
ered associations between lower baseline FA and changes in
depressive symptoms without associations with other WM
parameters in a small cluster (size: 122 voxels), directional-
ity of underlying WM microstructure and thus, interpretation
of this finding is limited [43, 44].

Data did not reveal any significant associations between
changes in FA and changes in self-reported symptoms.
Since WM development is associated with learning new
skills, this finding was unexpected. For example, studies in
mice reported on FA increases after learning a new skill
and steeper FA development curves were associated with
higher performance [48, 49]. In agreement with this, knock-
out mice showed impairment in acquiring new skills when
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no myelination was possible [S0]. We hypothesize that three
months was too short to detect any significant changes; alter-
natively, our sample might have been too small to achieve
sufficient power to detect significant associations due to type
2 errors.

There are some more limitations to consider. First, only
a few boys participated in this study although the gender
distribution was not significantly different between the clini-
cal and healthy control group. However, as girls are more
likely to develop internalizing psychopathology, and the
female gender has been associated with an increased risk
on comorbid anxiety and depression, we feel our study is
representative of the clinical population [1]. Second, sample
size and study duration were modest. Yet, previous longi-
tudinal studies in adolescents with internalizing disorders
have assessed longitudinal effects of cognitive behavioral
therapy (CBT) over three months and reported functional
brain changes in amygdalar—prefrontal connections, which
in some studies were associated with improvement of clini-
cal symptoms [15, 51-53]. In addition, the present design
does not allow to differentiate between symptoms of clinical
anxiety and depression. Furthermore, several studies con-
cerning white matter development in healthy adolescents
have reported continuing white matter microstructure devel-
opmental changes during adolescence well into young adult-
hood [54-56]. Taken together, we expected three months to
be sufficient to detect any changes. Our modest sample size
could have induced type 2 errors. Indeed, perhaps our study
had too little power to detect a significant effect. Further-
more, treatment was not standardized, but all participants
were treatment-naive at baseline, thus enabling us to exam-
ine the course of symptoms in this clinically representative
population. Lastly, we did not account for social-economic
status or illness duration.

To better understand the course and neurodevelopment of
WM in adolescent anxiety and depression, we recommend
future studies to use a longitudinal study design with larger
groups of patients and healthy controls and a standardized
treatment in an elongated study period, as standardization of
treatment would aid the interpretation of intervention effects
on the course of underlying microstructure of WM tracts.

In conclusion, this study revealed no significant changes
in WM characteristics within and between adolescents
with internalizing disorders and healthy peers over a three-
month period; neither were significant correlations between
changes in FA and changes in self-reported internalizing
symptoms in adolescents with internalizing disorders found.
However, analysis revealed associations between parameters
of WM microstructure and changes in self-reported depres-
sive symptoms in adolescents with clinical depression and
comorbid anxiety. We found an association between a higher
decrease in depressive symptoms over a period of three
months, and characteristics of baseline WM microstructure
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in the posterior corona radiata (lower FA, higher RD and
MD). These results further entangle the contribution of
underlying neurobiological factors in the course of adoles-
cent depression and comorbid anxiety disorders.
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