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Abstract

Background: Whether the differences in brain structure and function, characteristic of adult major
depressive disorder (MDD?), are present in adolescent MDD is still unclear, but it has been shown
that cognitive behavioral therapy (CBT?) affects resting-state functional connectivity in both adult
and adolescent MDD patients, with the claim that CBT has a normalizing effect on MDD-related

functional disruption, but this has not been directly tested.

Methods: 128 adolescent MDD patients and 40 adolescent controls were enrolled in the study. We
investigated pre-treatment differences in cortical thickness, white matter volume, and resting-state
functional connectivity. We also investigated the longitudinal effects of CBT on resting-state
functional connectivity, and the relationship between pre-treatment functional disruption and CBT-
related changes to resting-state functional connectivity was assessed by the correlation of pre-

treatment cross-sectional effects and longitudinal CBT-related effects across multiple brain regions.

Results: Patients had greater cortical thickness and white matter volume within fronto-limbic
regions of the brain. Patients had greater pre-treatment resting-state functional connectivity within
the default-mode, fronto-limbic, central-executive, and salience networks. CBT increased resting-
state functional connectivity of the subgenual anterior cingulate and amygdala seeds with
predominantly frontal regions. Regions showing the greatest pre-treatment functional disruption

showed the weakest CBT-related changes.

Limitations: For ethical reasons, there was no placebo group.

Conclusions: Adolescent MDD is associated with structural and functional differences also seen in
adult patients. CBT-related changes in resting-state functional connectivity do not appear to show a

normalizing effect, but instead indicate rehabilitative effects on resting-state functional connectivity.
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Introduction

Although cognitive behavioral therapy (CBT) is a clinically effective treatment for both adult and
adolescent major depressive disorder (MDD; DeRubeis et al., 2008; Weersing et al., 2017) its effects
within the brain are still poorly understood. Uncovering the neurobiological characteristics of MDD,
both before and after receiving CBT, may be vital to understanding the processes unfolding within

the depressed brain.

Whilst there is a considerable volume of literature exploring case-control differences in brain
structure and function in adult MDD (Bora et al., 2012; Kaiser et al., 2015; Mulders et al., 2015), it is
still unclear to what extent the adolescent brain is affected by the illness. There have been
inconsistencies between adult and adolescent MDD patients regarding their brain structure. Studies
using adult MDD patients often find deviations in cortical thickness (Grieve et al., 2013; Schmaal et
al., 2017), grey matter volume (Bora et al., 2012; Grieve et al., 2013), and white matter volume (Zeng
et al., 2012), whereas those using adolescent MDD patients are often unable to find any structural
deviations (Hagan et al., 2015; Schmaal et al., 2017) or instead find the opposite effects to those of
adult MDD samples (Steingard et al., 2002). These inconsistencies in brain structure between adult
and adolescent MDD patients remain unexplained, making it unclear whether structural deviations

are actually present in adolescent MDD.

As well as brain structure, adult MDD patients have shown differences in brain function, particularly
in resting-state functional connectivity (rsFC). Key functional networks implicated in adult MDD are
the fronto-limbic network, involved in emotional reactivity and regulation (Casey et al., 2010;

Mayberg, 1997; Roiser and Sahakian, 2013; Wang et al., 2012), the default-mode network, involved



in internal thoughts and self-referential processing (Kaiser et al., 2015; Mulders et al., 2015), the
central-executive network, involved in tasks that require executive function (Kaiser et al., 2015;
Mulders et al., 2015), and the salience network, involved in switching between the default-mode
and central-executive networks, and in directing attention towards emotionally salient stimuli
(Manoliu et al., 2014; Mulders et al., 2015; Ramasubbu et al., 2014), see supplementary information
(S1). Again, when studying adolescent MDD, the literature is less clear with only some studies
replicating previous findings in adult MDD patients (Connolly et al., 2013; Ho et al., 2015), others
reporting opposite effects (Mulders et al., 2015), or being unable to obtain replication (Pannekoek et

al., 2014).

The lack of coherence within the adolescent MDD literature highlights a need to further investigate
brain structure and rsFC in adolescent MDD. Furthermore, a link between structural and functional
deviations in MDD has previously been established in adult patients, with it being suggested that
changes in brain structure may cause the functional disruption seen in adult MDD (De Kwaasteniet
et al., 2013; Ma et al., 2012; Spati et al., 2015; Van Tol et al., 2014), and yet the same has not been
done in adolescent MDD. If structural and functional deviations, similar to those found in adult MDD,
do occur in adolescent MDD, understanding their relationship could be vital in uncovering the nature

of the illness in adolescence.

From a therapeutic perspective, there is some evidence that psychological treatment exerts effects
that may resolve neural differences associated with current MDD, which does appear to occur in
both adult and adolescent MDD patients. CBT has been found to affect rsFC within the fronto-limbic
network, in adult MDD, thereby possibly normalizing functional disruption within frontal regions of
the brain (Goldapple et al., 2004; Ritchey et al., 2011; Shou et al., 2017). Interestingly, the sensitivity

of rsFC to CBT appears to translate to adolescent MDD patients; for example, it has been found that



receiving rumination focused-CBT may decrease rsFC within the default-mode network in adolescent
MDD patients (Jacobs et al., 2016). This may suggest that treatment normalizes disruption in rsFC
whilst depressed (Jacobs et al., 2016; Ritchey et al., 2011; Shou et al., 2017), regardless of age at
presentation. However, the relationship between pre-treatment functional disruption and later
treatment effects in adolescent MDD has not been explored. Therefore, although it is thought that
CBT normalizes MDD-related functional disruption, this has not been directly tested by investigating
whether regions showing the greatest functional disruption actually show the greatest CBT-related

changes in rsFC, highlighting a fundamental gap in our understanding.

The present study investigated brain structure and function in adolescent MDD, and their
relationship with each other. We examined the cortical thickness of the subgenual anterior cingulate
and medial orbitofrontal cortex as they have previously been implicated with adult MDD (Grieve et
al., 2013; Hagan et al., 2013; Peterson et al., 2009; Schmaal et al., 2017). Additionally, we
investigated the white matter volume of the medial frontal gyrus, middle frontal gyrus, superior
frontal gyrus, and medial orbitofrontal cortex, as frontal white matter volume has been implicated in
both adult and adolescent MDD (Steingard et al., 2002; Zeng et al., 2012). We expected to find a
group-by-age interaction in both cortical thickness and white matter volume within the anterior
cingulate cortex, as had previously been found in grey matter volume using our sample (Hagan et al.,
2015). We further hypothesized that patients would show pre-treatment functional disruption in
regions within the fronto-limbic, default-mode, central-executive, and salience networks, which
have been implicated in studies of adult MDD (Kaiser et al., 2015; Mulders et al., 2015). However,
due to the inconsistency within the literature, we did not hypothesize the direction of this
disruption. We did hypothesize that any deviations in brain structure and function would be

correlated with each other.



Additionally, we investigated the longitudinal effects of CBT on rsFC, in patients, and in particular the
relationship between pre-treatment functional disruption and later CBT-related changes in rsFC,
hypothesizing that if CBT has a normalizing effect on brain function, as has previously been
suggested (Jacobs et al., 2016; Ritchey et al., 2011; Shou et al., 2017; Yoshimura et al., 2017), then
regions of the brain showing the greatest pre-treatment functional disruption would also receive the

greatest impact from CBT.



Methods

Study overview

The IMPACT study (Goodyer et al., 2017) was a randomized controlled superiority trial assessing
medium-term effects of psychological therapies in adolescent MDD. Patients (n=470) met diagnostic
requirements for MDD using the DSM-IV (American Psychiatric Association, 1994) and were
randomized to treatment arms of either CBT, short-term psychoanalytical therapy, or a brief

psychological intervention, and were followed-up over an 86 week period.

A subset of patients enrolled in IMPACT were recruited for the MR-IMPACT study (n=128; Hagan et
al., 2015). These patients were assessed using structural and functional MRI at an initial baseline
scan, prior to starting treatment. The Short Moods and Feelings Questionnaire (SMFQ; Sharp et al.,
2006) and State-Trait Anxiety Inventory ( STAI; Spielberger et al., 1970) were administered on the
day of scanning as a measure of immediate depression and anxiety symptoms. Those randomized to
the CBT arm of IMPACT (n=20) were invited to attend a second, six-month post-treatment
assessment, with the requirement of having received at least six sessions of therapy. Additionally,
adolescent controls (n=40), with no history of MDD and no first-degree relatives with MDD, were
recruited for MR-IMPACT (Hagan et al., 2015, 2013) and attended two assessments, separated by six
months. The study received favorable ethical opinion by the National Research Ethics Service

Committee East of England (reference: 09/H0308/168).

Previous work focusing on task-based fMRI, using this sample, are reported in Chuang et al. (2016),

Chuang et al. (2017) and Holt et al. (2016).



Participant samples

There were no significant differences (p > 0.05) between controls and patients on age and gender,

shown in supplementary information (S2).

In total, 128 patients and 40 controls attended the baseline scan. For structural scans, the data from
19 patients and 4 controls were excluded, detailed in supplementary information (S3). This left a
sample of 109 patients and 36 controls who had structural data — see Table 1 for participant

demographics. No structural MRI data were collected post-treatment.

For functional scans, patients with MDD were separated into two independent samples: a functional
cross-sectional sample of patients who only attended the baseline scan, and a functional longitudinal
sample of patients who attended both the baseline scan and the later post-treatment follow-up
scan. This separation was done to allow independence of the two patient groups when comparing
any initial case-control differences to CBT-related changes in rsFC. The same data from control

participants were used with both cross-sectional and longitudinal samples, due to small sample sizes.

There were 108 patients and 40 controls within the cross-sectional sample, and 20 patients and 33
controls within the longitudinal sample. Of these, the data from 29 patients and 9 controls were
excluded - shown in supplementary information (S3). This left functional data for 82 patients and 34
controls within the functional cross-sectional sample, and for 17 patients and 30 controls within the

functional longitudinal sample.



Seventy-five patients within the functional cross-sectional sample had both structural and functional

data that were used to investigate the relationship between brain structure and function in patients.

Table 1. Showing participant characteristics with standard deviations (SD) in brackets.

First First First First First Second Second Second Second Second
Mean Gender Mean Mean Mean Mean Age Gender Mean Mean Mean
Age (% Female) SMFQ STAIT STAIS (SD), range (% Female) SMFQ STAIT STAIS
(SD), Score Score Score Score Score Score
range
Structure
Structural 15.56 74.31 19.20 60.12 45.62 N/A N/A N/A N/A N/A
Patients, (1.27), (6.95) (7.89) (10.91)
n =109 11.83-
17.96
Structural 15.65 72.22 3.03 31.03 29.56 N/A N/A N/A N/A N/A
Controls, (1.45), (1.93) (6.39) (6.43)
n=36 12.14-
17.73
Function
Cross-Section  15.69 78.05 19.98 59.78 45.93 N/A N/A N/A N/A N/A
Patients, (1.12), (7.18) (8.02) (10.01)
n=_82 13.48-
17.96
Cross-Section  15.73 79.41 2.71 30.59 28.85 N/A N/A N/A N/A N/A
Controls, (1.44), (1.99) (6.58) (6.75)
n=34 12.14-
17.73
Longitudinal 15.42 82.35 18.12 60.35 48.24 16.07 (1.34), 82.35 9.00 44.17 35.71
Patients, (1.37), (6.48) (8.02) (11.33) 13.41-18.17 (5.28) (10.48) (10.14)
n=17 12.89-
17.56
Longitudinal 15.59 80.00 2.60 30.50 28.93 16.24 (1.46), 80.00 2.21 28.68 26.43
Controls, (1.47), (1.77) (6.91) (6.89) 12.92-18.30 (1.81) (6.62) (6.30)
n=30 12.14-
17.73
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Analyses for structural case-control differences

MRI acquisition and pre-processing details are shown in supplementary information (S4).

A mask covering the subgenual anterior cingulate and medial orbitofrontal cortex was used for the
investigation of case-control differences in cortical thickness. These regions were chosen based on
previous findings in the literature that had associated them with MDD (Grieve et al., 2013; Peterson
et al., 2009; Schmaal et al., 2017) and pre-specified as regions of interest in the study protocol
(Hagan et al., 2013). The Automated Anatomical Labelling (AAL) atlas (Tzourio-Mazoyer et al., 2002)
was used to identify the medial orbitofrontal cortex. To identify the subgenual anterior cingulate,
the anterior cingulate cortex regions of the AAL template were divided into the pregenual anterior

cingulate and subgenual anterior cingulate — shown in supplementary information (S5).

For white matter volume analyses, a mask encompassing the medial frontal gyrus, middle frontal
gyrus, superior frontal gyrus, and medial orbitofrontal cortex was used, based on previous findings
within the literature (Steingard et al., 2002; Zeng et al., 2012). These regions were identified using

the AAL atlas (Tzourio-Mazoyer et al., 2002).

An ANCOVA was used to investigate case-control differences at each voxel within the mask, with
group (patient or control) as the independent variable and age (years) and gender values as
covariates. For inference of the results of the general linear model, permutation-based methods
were used with FSL Randomise (Jenkinson et al., 2012). This procedure conducted 100,000
permutations per statistical test, using threshold-free cluster enhancement, with a Family-wise error
(p<0.05) correction to account for multiple comparisons, generating clusters of significant case-
control differences. Cohen’s d (Cohen, 1988) was used as a measure of effect size. We also

investigated cortical surface area, detailed in supplementary information (S6)
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Analyses for structural group-by-age interactions

A mask of the entire anterior cingulate cortex was used to investigate group-by-age interactions in
both cortical thickness and white matter volume. The AAL template (Tzourio-Mazoyer et al., 2002)

was used to identify the anterior cingulate cortex.

An ANCOVA was applied to investigate group-by-age interactions, with gender as a covariate, using

the same permutation-based inference as previously described.

Analyses for functional case-control differences

Seed-based methods were used to investigate rsFC of functional brain networks, with seeds located
bilaterally. For the fronto-limbic network, the medial orbitofrontal cortex, hippocampi, and medial
frontal gyri were used as seed regions. For the default-mode network, the precuneus and the
subgenual anterior cingulate were used. For the central-executive network, the middle frontal gyri
and superior frontal gyri were seed regions. For the salience network, the amygdalae were used. The
boundaries of the seed regions were defined from the AAL atlas, except for the subgenual anterior
cingulate seeds, which were identified using the same methods previously described for structural

analyses.

For each seed, an ANCOVA was used to investigate case-control differences at each voxel across a
mask, excluding voxels within the seed region. As multiple seed regions, such as the hippocampus
and subgenual anterior cingulate, are involved in multiple brain networks, the mask covered regions

of all four networks. Definitions of which regions were encompassed within this mask are shown in
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supplementary information (S7). Age and gender were included as covariates. This model was
regressed on the baseline data of the cross-sectional sample. Statistical inferences were again

conducted using the same permutation methods previously described.

Analyses for CBT-related changes in resting-state functional connectivity

Seed regions that showed pre-treatment differences in rsFC, within the cross-sectional sample, were

chosen as seed regions to investigate CBT-related changes in rsFC within the longitudinal sample.

Seed-based rsFC maps from each participant’s post-treatment functional scan were subtracted from
their respective pre-treatment rsFC maps and then between-group comparisons were made,
controlling for age changes and gender, using the same permutation methods as previously

described. This is equivalent to testing for a group-by-time interaction in a 2x2 design.

Although there was no placebo group in this study, due to the ethical issues of restricting treatment

to some patients, we refer to group-by-time interactions as CBT-related changes.

Post-Hoc Correlations

SMFQ and STAI scores were correlated with any significant regions of pre-treatment structural and
functional differences in patients. Significant structural and functional clusters within the cross-
sectional sample were correlated with each other for the 75 cross-sectional patients who had both

structural and functional data.

Significant functional clusters showing CBT-related changes in patients within the longitudinal
sample were correlated with changes in symptoms. The change in rsFC, relative to baseline rsFC,

within the largest significant cluster of each seed was correlated with the slope of symptom changes
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in SMFQ and STAI scores. All correlations were corrected using the false discovery rate (Hochberg,

1995). Further details are given in supplementary information (S8).

Relationship between pre-treatment functional disruption and later CBT-related changes

Each case-control and group-by-time interaction seed analysis produced a z-score map for their
respective effects. In other words, the case-control z-score maps show regions of MDD-related pre-
treatment functional disruption within the cross-sectional sample. Similarly, group-by-time
interaction z-score maps show regions exhibiting CBT-related changes within the longitudinal
sample. We aimed to investigate whether regions showing the greatest pre-treatment functional
disruption would also show the greatest CBT-related changes by investigating the relationship

between case-control z-scores and group-by-time interaction z-scores.

For this approach, we parcellated the brain into 118 regions; each region was a parcellation of the
AAL template, except for the anterior cingulate cortex which was sub-divided into the pregenual
anterior cingulate and subgenual anterior cingulate using the previously described ROls. We
conducted two sets of 118 seed-based rsFC analyses, one set of the case-control analyses — using the
cross-sectional sample - and another set of the group-by-time analyses — using the longitudinal

sample.

Each seed analysis produced a voxel-wise z-score map across the brain for case-control and group-

by-time effects from which 117 mean z-scores were obtained (i.e. number of parcels minus the seed
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region). For each seed and each corresponding parcel (“target region”), correlations were calculated
between the case-control mean z-scores with the corresponding mean group-by-time z-scores

across the voxels of the region. The procedure is illustrated in Figure 1.

As almost all of these correlations involved thousands of individual voxels, we did not conduct
significance testing as very small effects are significant even at small p-value thresholds. Instead,

correlation coefficients were converted into r? as a measure of effect size.

To investigate the relationship between pre-treatment functional disruption and CBT-related
changes at the network level, seed regions were grouped into the default-mode, fronto-limbic,
central-executive, and salience networks, and the effect sizes of their target regions were averaged
across their network. Effect sizes of positive and negative correlations were treated separately when
averaging. We also averaged the target region effect sizes across all 118 seed regions to identify the
relationship between pre-treatment functional disruption and CBT-related changes across the whole

brain.
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Results

For brevity, exploratory whole-brain structural analyses and non-significant results are shown in

supplementary information (S9).

Brain Structure

Cortical Thickness

Contradicting our hypothesis that there would be no structural differences, the bilateral subgenual
anterior cingulate and medial orbitofrontal cortex showed greater cortical thickness in patients,

t(143) = 3.57854, pcorr = 0.022, d = 0.771; Figure 2.

There were no significant relationships between mean cortical thickness in the cluster and current

symptoms of depression and anxiety.

In agreement with our hypothesis, we found a group-by-age interaction, in cortical thickness, within

the left and right pregenual anterior cingulate, t(143) = 3.55955, pcorr = 0.014; Figure 2.

White Matter Volume

Contradicting our hypothesis that there would be no structural differences, patients showed greater
white matter volume within the frontal regions of the brain, t(143) = 3.53034, pcorr = 0.017, d =
0.708, specifically in the bilateral medial frontal gyri, bilateral superior frontal gyri and right middle
frontal gyrus; Figure 2. There was no significant correlation between mean white matter volume and

mean cortical thickness in their respective clusters, r =-0.017, pcorr = 0.861.
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There were no significant relationships between mean white matter volume in the cluster and

current symptoms of depression and anxiety.

In agreement with our hypothesis, we found a group-by-age interaction, in white matter volume,
within the bilateral pregenual anterior cingulate and the right subgenual anterior cingulate, t(143) =

3.17165, pcorr = 0.022; Figure 2.

Brain Function

Only the largest clusters of each seed region are shown. Smaller functional clusters are detailed in

supplementary information (510).

Resting State Functional Connectivity of the Cross-sectional Sample

In agreement with our hypothesis that there would be pre-treatment case-control differences,
various regions showed greater rsFC with the right superior frontal gyrus, right subgenual anterior
cingulate, and right amygdala seeds, in patients; Figure 4 and S10 in supplementary information.
There were no significant correlations between mean regional rsFC and current symptoms of

depression and anxiety.

Replication of these case-control analyses using the longitudinal sample are detailed in

supplementary information (S11).
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CBT-related Changes in Resting-state Functional Connectivity in the Longitudinal Sample

Associated with the left amygdala and the left subgenual anterior cingulate seeds, a variety of
regions showed significant group-by-time interactions in rsFC; Figure 4 and S12 in supplementary
information. In all significant interactions, rsFC with the seed region had increased in patients after

treatment.

There was no relationship between any of the CBT-related changes and changes in symptoms.

Relationship between structural and functional differences

There were no significant correlations between any significant functional clusters and structural

clusters.

Relationship between pre-treatment functional disruption and CBT-related changes

Strikingly, although we hypothesized that regions showing the greatest pre-treatment functional
disruption would show the greatest CBT-related changes in rsFC, producing positive correlations
between case-control and group-by-time interaction z-scores, few correlations were actually
positive. Of the 13,806 correlations only 2025 (14.67%) were positive; supplementary information

(S13).

The r? values of the positive correlations, between pre-treatment case-control z-scores and group-
by-time interaction z-scores, ranged between 5.979x10°- 0.8177, although almost all were weak,

with the median r’=0.0082. Only 5% of the positive correlations had r? > 0.15; supplementary

18



information (513). The r? values of positive correlations, averaged across functional networks and

the whole brain are shown in Figure 5.

The r? values of the negative correlations, between pre-treatment case-control z-scores and group-
by-time interaction z-scores, ranged between 8.3244x10° - 0.8062, with a median r? of 0.0716. The
distribution of these negative correlations is shown in supplementary information (S13), with 25% of
the correlations having an r? > 0.15. The r? values of negative correlations, averaged across

functional networks and the whole brain are shown in Figure 5.

The top 10% of target regions, showing the strongest averaged effect sizes for negative correlations,
between pre-treatment case-control z-scores and group-by-time interaction z-scores, across the
seed regions grouped into networks and the whole brain, are shown in Figure 5. Rankings of all
target regions, showing the strongest averaged effect sizes for negative correlations, across the seed

regions grouped into networks, are shown in supplementary information (514).
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Discussion

Adolescent MDD patients had greater cortical thickness within the subgenual anterior cingulate and
medial orbitofrontal cortex, and greater white matter volume within frontal regions as well as
group-by-age interactions within the anterior cingulate cortex in both cortical thickness and white
matter volume. Patients also showed greater rsFC with the right superior frontal gyrus, amygdala
and subgenual anterior cingulate seeds, and CBT-related changes (group-by-time interactions)
between predominantly frontal regions and the left subgenual anterior cingulate and amygdala
seeds, with rsFC increasing following CBT. Regions showing the greatest functional disruption often
later showed the weakest CBT-related changes in rsFC, with this effect being most prominent within

the medial orbitofrontal cortex.

MDD-related reductions in cortical thickness, within the subgenual anterior cingulate and medial
orbitofrontal cortex, have previously been reported in adult MDD patients (Peterson et al., 2009;
Schmaal et al., 2017), which is contrary to our adolescent patients where cortical thickness was
greater. However, although the literature is inconsistent, cortical thickening in adolescent MDD has
previously been found and explained as being caused by increased neuronal numbers or neural
density (Reynolds et al., 2014). Moreover, several longitudinal studies have linked cortical thickness
reductions during brain maturation to myelination across the grey-white matter boundary (Sowell et
al., 2003; Whitaker et al., 2016). Therefore, greater cortical thickness within the subgenual anterior
cingulate and medial orbitofrontal cortex found in patients may be due to either a delay or
premature curtailment of this neurodevelopmental process. The greater white matter volume within
the frontal lobes of patients does suggest that deviating white matter developmental trajectories are
taking place, further evidenced by the group-by-age interactions, between patients and controls,

found in the anterior cingulate cortex both in cortical thickness and white matter volume. From a
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neurobiological view, spatially localized increases in both cortical thickness and white matter volume
appear to be contradictory, although a single process may underlie both observations, with
myelination across the grey-white matter boundary being hindered or delayed in adolescent MDD

and instead increasing within the white matter tract.

The largest study investigating cortical thickness in adolescent MDD, comparing 213 adolescent MDD
patients to 294 controls, found no group differences in cortical thickness, instead finding differences
in cortical surface area (Schmaal et al., 2017). Conversely, we found that adolescent MDD patients
showed both case-control differences and a group-by-age interaction in cortical thickness, but no
differences in cortical surface area (supplementary information, S6). The reason for this discrepancy
may be due to the substantial age differences between these two patient samples. In Schmaal et
al.'s (2017) study, 70% of their adolescent sample were between the ages of 18-21 years, with only
64 of their adolescent MDD patients below 18 years. Contrastingly, with a mean age of 15.56 years,
none of our 109 MDD patients used for the structural analyses were above 18 years, and thus were
substantially younger than those in Schmaal et al. (2017). Furthermore, and as conceded by Schmaal
et al. (2017), early adolescence may be a more sensitive period for structural deviations to occur in
adolescent MDD, and their use of a substantially older adolescent sample may have hindered their

ability to detect deviations in cortical thickness.

Patients in the cross-sectional sample showed greater rsFC across the fronto-limbic, default-mode,
central-executive and salience networks, demonstrating disruption to similar networks that have
been implicated in the adult MDD literature (Casey et al., 2010; Kaiser et al., 2015; Manoliu et al.,
2014; Mayberg, 1997; Mulders et al., 2015; Ramasubbu et al., 2014; Roiser and Sahakian, 2013;
Wang et al., 2012). However, the degree of the similarity regarding the direction of this functional

disruption is still unclear due to inconsistencies across these studies. Strikingly, none of these
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significant functional differences were correlated with symptoms of depression and anxiety. It may
be that the measures of general depression and anxiety that were used are not sensitive enough or
are too broad to be related to the pre-treatment functional disruption that we found. Moreover, it
could also be that the observed pre-treatment functional disruption is instead a trait marker of

adolescent MDD, rather than a marker of current depressed state.

The spatial convergence between seeds showing pre-treatment functional disruption and regions
showing structural deviations in cortical thickness and white matter volume, being the subgenual
anterior cingulate and superior frontal gyrus, hints towards an underlying process that might be
causing both structural and functional deviations within the same regions. However, the lack of
correlation between the seed-based functional clusters and structural clusters contradicts this
possibility and is striking given that the past literature has found strong relationships between
structural deviation and functional disruption in adult MDD (De Kwaasteniet et al., 2013; Ma et al.,
2012; Spaéti et al., 2015; Van Tol et al., 2014). As the pre-treatment functional clusters were large and
spanned across multiple regions of the brain, simply correlating clusters of deviating cortical
thickness and white matter volume with such large functional clusters may have been too imprecise
to find a significant relationship. Conversely, it may instead be that in adolescent MDD, although
some brain regions show both structural and functional deviations, they have independent causes
and do not interact with each other. Longitudinal tracking of structural deviations in adolescent

MDD and how they relate to longitudinal changes in rsFC may help explain this issue.

A key focus of this study was the relationship between the magnitude and location of pre-treatment
functional disruption and CBT-related changes in rsFC. The vast majority of the correlations between
pre-treatment case-control z-scores and group-by-time interaction z-scores were negative with this

effect often being strongest within the medial orbitofrontal cortex as, when examining the four
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major functional networks and the whole brain, it consistently showed some of the strongest
negative correlations. These results suggest that CBT-related changes in rsFC are weaker within
regions that show the greatest pre-treatment functional disruption and do not show normalizing
effects, as if that were the case CBT-related changes in rsFC would be greatest in regions showing

the greatest functional disruption.

Why regions with strongly affected rsFC might be less amenable to CBT is uncertain. Regions
showing the greatest functional disruption may simply take more time to demonstrate CBT-related
changes, and a six-month interval, although accompanied by large symptom improvements, was
insufficient to see the full effects of CBT. Alternatively, regions showing the greatest functional
disruption may become functionally impaired and less responsive to CBT. The maintenance of this

effect by long-term observation of rsFC would resolve these possibilities.

Another possibility is that CBT functionally enhances brain regions that are unaffected by the illness,
instead of normalizing affected regions. CBT aims to help patients achieve remission by modifying
cognitive and behavioral aspects of adolescent MDD. This is done by increasing exposure to
pleasurable behaviors, building skills, and by identifying cognitive biases, such as attentional and
interpretation bias, and changing them to become less negative. This development of new skills,
routines, and changes to thought processes may lead to functional compensation within the brain.
This could explain why the observed CBT-related changes led to increased rsFC between the left
subgenual anterior cingulate seed and frontal regions, rather than leading to normalizing effects,
and more generally that regions of pre-treatment functional disruption did not overlap with the
regions showing CBT-related changes. In future it may be more appropriate to focus on the

relationship between treatment-related functional changes and potential CBT-related
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enhancements in specific cognitive or emotional domains, such as emotional regulation, rather than

focusing solely on their relationship to a reduction in symptoms of depression.

A disruptive trend in rsFC as MDD progresses cannot be discounted. There was no placebo group
within the study, meaning that the observed group-by-time interactions in rsFC may not actually
demonstrate the direct effects of CBT. Regions of significant group-by-time interactions may in fact
reflect patients’ rsFC becoming further disrupted, rather than demonstrating CBT-related changes,
which may account for the lack of correlations between changes in rsFC and changes in symptoms.
Negative correlations between pre-treatment functional disruption and later CBT-related changes in
rsFC may be due to a ceiling or non-linear effect in functional disruption, with some functionally
disrupted regions being at maximum and incapable of further alteration. Such regions would then
show the weakest changes over time compared to initially less affected regions with more scope for
disruption. However, there is little evidence to support the existence of this ceiling effect, and the
absence of a correlation between changes in rsFC and changes in symptoms may simply be due to

the small sample size in the longitudinal sample.

In conclusion, adolescent MDD patients had greater cortical thickness and white matter volume and
showed group-by-age interactions within the anterior cingulate cortex, which we consider point to
putative deviating developmental neural trajectories rather than direct illness effects on brain
regions. Functional disruption to the fronto-limbic, default-mode, central-executive, and salience
networks, previously reported in adult MDD, appears to be present in adolescent MDD. Importantly,
the relationship between pre-treatment functional disruption and CBT-related changes are mostly
negative, with brain regions having the greatest pre-treatment functional disruption showing the

weakest CBT-related changes in rsFC. With the rehabilitative nature of CBT in mind, this finding

24



suggests that there is more to the neurobiological effects of CBT on adolescent MDD than a simple

transition from functional disruption to normalization.

Limitations

The main limitation of this study is that there was no placebo group of MDD patients who were
longitudinally assessed, due to the ethical issue of delaying treatment. The comparison group were
healthy controls assessed longitudinally over the same period. The absence of a placebo group
means that any putative CBT-related changes in rsFC in patients cannot be uniquely ascribed to
receiving treatment and may instead be interpreted as being due to aging or maturational processes
that are specific to adolescent MDD, or be part of the progression of MDD-related functional

disruption.

As with all studies, a larger sample size and balancing of the control and patient groups would
improve the statistical power to find case-control differences within the cross-sectional sample.
Similarly, a small sample size in the longitudinal sample means our patient sample is potentially
unrepresentative of the general adolescent MDD population and the results more susceptible to
statistical outliers. Our sample is also likely to be affected by attritional bias, with those patients

whose symptoms did not improve being more likely to withdraw from the study.
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Final output of a seed’s correlations with its target regions

Seed
Target Regions Region

Left Hippocampus 0.004618
Right Hippocampus ~ -0.33328

Left Amygdala -0.34186
Right Amygdala -0.38347
Left Thalamus -0.46819
E Right Thalamus -0.1116

x117

Figure 1. Demonstrates the method used to investigate the relationship between pre-treatment functional disruption and
cognitive behavioral therapy-related changes in resting-state functional connectivity. A) Shows an example of a seed region
used. B) Shows the case-control and group-by-time interaction z-score maps generated by the seed analysis. C) Shows both
of the z-score maps being parcellated into the 117 target regions. D) Demonstrates a correlation between the case-control
and group-by-time z-scores of a certain target region. E) Shows the final results of a seed regions correlations
corresponding to each target region.
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Figure 2 Shows the case-control differences in cortical thickness and white matter volume, between adolescent MDD
patients and controls within the cross-sectional sample. A) Patients showed greater cortical thickness within the bilateral
subgenual anterior cingulate and medial orbitofrontal cortex. B) Shows the significant group-by-age interaction in cortical
thickness, within the pregenual anterior cingulate. C) Shows the significant cluster where patients showed greater white
matter volume within the bilateral medial frontal gyri, bilateral superior frontal gyri and right middle frontal gyrus. D)
Shows the significant group-by-age interaction in white matter volume, within the bilateral pregenual anterior cingulate
and right subgenual anterior cingulate.
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Figure 3. Shows Clusters and violin plots of greater resting state functional connectivity in patients in the cross-sectional
sample. A: Right Superior Frontal Gyrus Seed, B: Right Subgenual Anterior Cingulate Seed, C: Right Amygdala Seed.
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Figure 4. Shows the group-by-time interactions in resting-state functional connectivity, and their violin plots, in the
longitudinal sample. A: Left Amygdala Seed, B: Left Subgenual Anterior Cingulate Cortex Seed.
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Figure 5. Shows the averaged r? values, across each seed region grouping, for positive correlations between pre-treatment
case-control z-scores and group-by-time interaction z-scores (left), and negative correlations between pre-treatment case-
control z-scores and group-by-time interaction z-scores (right). It also shows the top 10% strongest negative correlations,
between pre-treatment case-control z-scores and group-by-time interaction z-scores, for each seed region grouping
(bottom). A: Fronto-limbic network. B: Default mode network. C: Central executive network. D: Salience network. E: Average
across all 118 seed regions.
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