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Abstract

Objective: Although depression and anxiety often have distinct etiologies, they frequently co-
occur in adolescence. Recent initiatives have underscored the importance of developing new ways
of classifying mental illness based on underlying neural dimensions that cuts across traditional
diagnostic boundaries. Accordingly, the aim of the study was to clarify reward-related neural
circuitry that may characterize depressed-anxious youth.
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Method: The Boston Adolescent Neuroimaging of Depression and Anxiety Human Connectome
Project tested group differences regarding subcortical volume and nucleus accumbens activation
during an incentive processing task among 14-17-year-old adolescents presenting with a primary
depressive and/or anxiety disorder (7=129) or no lifetime history of mental disorders (7=64).
Additionally, multimodal modeling examined predictors of depression and anxiety symptom
change over a 6-month follow-up period.

Results: Our findings highlighted considerable convergence. Relative to healthy youth,
depressed-anxious adolescents exhibited reduced nucleus accumbens volume and activation
following reward receipt. These findings remained when removing all medicated participants
(~59% of depressed-anxious youth); subgroup analyses comparing anxious-only, depressed-
anxious, and healthy youth also were largely consistent. Multimodal modeling showed that only
structural alterations predicted depressive symptoms over time.

Conclusion: Multimodal findings highlight alterations within nucleus accumbens structure

and function that characterize depressed-anxious adolescents. In the current hypothesis-driven
analyses, only reduced nucleus accumbens volume, however, predicted depressive symptoms over
time. An important next step will be to clarify why structural alterations impact reward-related
processes and associated symptoms.
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Introduction

Although depression and anxiety disorders often have distinct etiologies, they frequently
co-occur in adolescence.1=3 Anxiety symptoms typical emerge in childhood, and for

many children, predict subsequent anxiety and/or depressive symptoms during adolescence.
In other instances, depression symptoms emerge early in childhood and persist into
adolescence.* Notably, as many as 75% of youth with depression experience comorbid
anxiety disorders,>~7 and among youth with anxiety, 10-15% report depression,>8:2 with
many more reporting subsyndromal depressive symptoms.10 Given the substantial overlap
of depression and anxiety during adolescence,? researchers have begun to investigate shared
vulnerability factors implicated in the etiopathophysiology of depression and anxiety,11:12
including our current Human Connectome initiative,13:14 which focused on clarifying the
neural circuitry of depression and anxiety by probing putative reward-related deficits.1:16

Decades of research have characterized the structural and functional neural systems that give
rise to reward-related behavioral alterations, which directly affect approach tendencies in
youth with depression and anxiety.16:17 This builds on a foundation of single cell recording
research in primates. For example, Schultz18 demonstrated that receipt of unpredicted
reward was associated with increased dopaminergic neuron firing in the midbrain and
striatum, which corresponded to greater phasic dopamine within these regions. Conversely,
trials in which expected reward was omitted resulted in the suppression of dopamine

neuron firing. Human research has confirmed striatal dopamine release among healthy
individuals following reward receipt® and also linked specific striatal nuclei to distinct
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aspects of reward processing: nucleus accumbens — reward pleasure, caudate — reward
learning, and putamen — reward prediction.2 Whereas individuals with depression generally
exhibit hypoactivation within striatal regions across these reward processes,?! patterns
within anxious patients are more variable (eg, hypoactivation following reward receipt?2

vs hyperactivation to anticipation of reward23). Whether these neurofunctional differences
are driven by comorbid presentations of depression and anxiety, which are exceedingly
common,1-3 remains unclear.

Depression and anxiety disorders are characterized by differences in subcortical brain
structure?4-2’—many of which may bear directly on these reward-related processes affected
by dopaminergic projections within the nigrostriatal and mesolimbic pathways.1%:28.29

The nigrostriatal pathway terminates in the caudate and putamen, and the mesolimbic
pathway projects to the ventral striatum, hippocampus, and amygdala. Structural alterations
within these regions have been consistently implicated in adolescent depression and

anxiety disorders. Among adolescents and adults, depression has been linked to structural
differences in the amygdala,3%-32 hippocampus,33-40 and striatum36:41-46: yet, these findings
may be related to antidepressant medication use,3”47 depression recurrence,24 and episode
duration.® A recent study, however, showed that children at high-risk for depression based
on a parental history exhibited reduced nucleus accumbens and putamen volumes even
prior to depression onset, suggesting that these differences may play a role in depression
risk and onset.2> Comparatively less research has investigated structural alterations in
anxiety disorders, however, across social anxiety, generalized anxiety, and panic disorder,
there is evidence of reduced amygdala?%:27:49-51 and hippocampus volumes.52:23 Notably,
research probing comorbid depression and anxiety among adults also has implicated

striatal alterations.>* Taken together, there is evidence of subcortical volume alterations

in depression (ie, nucleus accumbens, putamen) and anxiety disorders (ie, amygdala,
hippocampus), but further research is needed to clarify differences in adolescents reporting
comorbid depression and anxiety, particularly given the high rates of co-occurrence during a
peak period of onset.>9

For several decades, depression (eg,12:20:55.56) and anxiety (eg,16:23:56-58) research has
investigated functional neural correlates of blunted reward processing, which may reflect
anhedonia—a transdiagnostic (endo)phenotype typified by a diminished experience of
pleasure.5%-61 Specifically, the ventral striatum, and the nucleus accumbens in particular,

is a core hub of the appetitive-motivational system and receives dopaminergic inputs

from the substantia nigra and ventral tegmental area, which directly affect reward-related
consummatory behaviors.52 Adolescent depression is characterized by reduced nucleus
accumbens activation following reward receipt (relative to loss),63:64 which was partly
corroborated in a recent meta-analysis including depressed youth and adults.}” Several
research groups also have focused on reward functioning in the context of behavioral
inhibition—a transdiagnostic temperament factor reflecting heightened fear response to
unfamiliar experiences and situations, which has been implicated in a range of anxiety
disorders.16:65 When completing an ecologically valid social reward task, there was a
blunting of caudate response following peer acceptance in behaviorally inhibited versus non-
inhibited youth.22 Among individuals diagnosed with social anxiety disorder, however, there
was reduced activation in the nucleus accumbens following rewarding feedback compared
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to healthy controls.56 Collectively, there is compelling evidence linking blunted nucleus
accumbens response following reward receipt among depressed youth,53:64 and although
more limited, initial research in anxiety has highlighted blunting within the dorsal and
ventral striatum.22:66

Goals of the Present Study

Method

Participants

Given the substantial co-occurrence of depression and anxiety in youth,>-9 the current study
sought to clarify reward-related neural circuitry that may characterize depressed-anxious
youth. Through the Human Connectome initiative,13:14 multimodal neuroimaging data were
acquired from healthy and depressed-anxious adolescents allowing us to test the following
hypotheses. First, prior research in depression and anxiety has implicated differences in
subcortical brain structure.24-27 Although research on comorbid depression and anxiety is
limited, 5467 particularly in adolescents, we hypothesized that relative to healthy adolescents,
depressed-anxious youth would exhibit reduced nucleus accumbens, putamen, amygdala,
and hippocampal volumes. Second, capitalizing on prior Human Connectome research
showing robust nucleus accumbens activation following reward receipt during an incentive
processing task,68:69 we tested whether depressed-anxious adolescents showed reduced
reward-related activation in the accumbens compared to healthy youth. Last, multimodal
models were used to integrate and test the relative influence of clinical, structural, and
functional data in predicting depression and anxiety symptoms at 6-month follow-up.

The Boston Adolescent Neuroimaging of Depression and Anxiety Human Connectome
Project collected clinical, neuropsychological, and multimodal MRI data from adolescents
presenting with a primary depressive and/or anxiety disorder (ie, generalized anxiety,
separation anxiety, social anxiety, specific phobia, agoraphobia, panic disorder) or no
lifetime history of DSM-5 mental disorders (ie, healthy controls) (for detailed procedures
seel314: for symptom overlap see Figure S1, available online). Participants were

recruited through flyers, internet advertisements (eg, Facebook, Instagram), and public
transport postings within the greater Boston area. Parents and adolescents completed a
phone screen prior to in-lab assessments at one of three sites: Boston University, the
Massachusetts General Hospital, or McLean Hospital. Approximately the same number of
participants were recruited at each site, and all participants were scanned at the Martinos
Center for Biomedical Imaging at the Massachusetts General Hospital. Inclusion criteria
included: ages 14-17-years and English fluency. Exclusion criteria included: 1Q<85, any
neurodevelopmental disorder, bipolar disorder, psychotic disorders, MRI contraindication,
premature birth, serious medication conditions, history of serious head injury (ie, loss of
consciousness for >30 minutes), hospitalization for neurological or cardiovascular diseases.
To improve the generalizability of our findings, ADHD diagnosis, which is often comorbid
in depressed-anxious cases’?, and psychotropic medication use were not exclusionary within
the depressed-anxious group.
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Two-hundred participants completed the baseline clinical assessment; however, 7
participants did not complete the scan and were excluded. Structural MRI (sSMRI)

analyses included 193 participants (Healthy=64, Depressed-Anxious=129). For functional
MRI (fMRI) analyses, 9 additional depressed-anxious participants were excluded (did

not complete 2 runs of the task=6, poor task performance=3), leaving 184 participants
(Healthy=64, Depressed-Anxious=120). For SMRI (Table 1) and fMRI (Table S1, available
online) analyses, there were no significant group differences in sex (non-significant trend),
pubertal status (non-significant trend), handedness, ethnicity, 1Q, or family income, but the
depressed-anxious group was slightly older and exhibited greater head motion. Depressed-
anxious participant clinical characteristics are summarized in Table 2.

Procedure

During the first study visit, parents provided informed consent and adolescents

assented. Participants were administered clinical and neurophysiological assessments (see
detailed procedures!3). Demographic data were obtained via parent report, along with
adolescents’ current psychiatric medication use. Adolescents completed two subtests
(\Verbal Comprehension and Perceptual Reasoning) of the Wechsler Abbreviated Scale of
Intelligence’! to estimate normative Full-Scale 1Q. 1Q was missing for one participant and
was replaced by the sample mean. Pubertal status was determined based on 5-item (1-5
Likert scale) adolescent-report of their relative physical development reflecting primary- and
secondary-sex characteristics.’2 Scores were averaged across items and rounded. As most
participants received a score of 4+ (7=97), scores were binarized as 4+ vs. <4 (stage 1 7=1;
stage 2 /7=4; stage 3 /=90; missing /=1). The Chapman Handedness Inventory’3 assessed
adolescents’ lateral-hand dominance; these data were binarized to reflect right-handedness
or not. For the second study visit, neuroimaging data were acquired at the Martinos Center.
Participants also completed a 6-month follow-up assessment of current depression and
anxiety symptoms. Participants were remunerated $70 for the baseline clinical assessment,
$50/hour for the MRI, and $25 for the 6-month follow-up.

Clinical Assessment Protocol

Each adolescent-parent dyad completed the Kiddie Schedule for Affective Disorders and
Schizophrenia Present and Lifetime Version (K-SADS’4) to assess lifetime mental disorders.
Diagnostic criteria were adapted to assess DSM-5 disorders (see!3). Inter-rater reliability

for anxiety and depression diagnoses assessed in a randomly selected subset (~10%) was

in the moderate to substantial range3 and exceeded inter-rater agreement for the DSM-5
field trials for depression and anxiety.”> Adolescents completed the Mood and Feelings
Questionnaire (MFQ6), assessing depression symptom severity, which showed excellent
internal consistency at baseline (a=.96) and 6-month follow-up (a=.95). Adolescents also
completed the Revised Child Anxiety and Depression Scale (RCADS’7). The primary
subscales of interest characterized generalized anxiety (baseline a=.87; 6-month a=.87) and
social anxiety symptoms (baseline a.=.91; 6-month a.=.92). Secondary analyses also tested
cross-sectional relationships with adolescent self-report RCADS’ panic symptoms (a.=.91),
trait anxiety (State-Trait Anxiety Inventory-Trait Subscale’8; a.=.91), anhedonia symptoms
(SHAPS'®; a.=.82), and Behavioral Inhibition and Behavioral Activation System89 scores
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(Inhibition subscale: a=.84; Drive subscale a=.72; Fun-Seeking subscale: a=.58; Reward
Responsiveness subscale: a=.74).

Incentive Processing Task (IPT)

Participants completed two runs (2min 52s per run; 5min 44s total) of a block-design IPT
to probe neural processing of monetary rewards.58:69 Before the task, participants were
reminded that their responses would result in winning or losing actual money. On each trial,
participants saw a question mark cue (1.5s) indicating that they should guess via index-

or middle-finger button press whether a to-be-revealed number (between 1-9) was greater
than or less than 5 (Figure S2, available online). Participants then received an image (1s) of
the actual number and visual feedback regarding whether they guessed correctly. Feedback
was pseudo-randomized and not contingent on actual performance. Feedback consisted

of reward trials (green, upward-facing arrow and “+$1”, indicating that participants had

$1 added to their task winnings), punishment trials (red, downward-facing arrow and “~
$0.50”, indicating that the participants had $0.50 taken from their task winnings), or neutral
trials (grey, double-headed, horizontal arrow if the number that was revealed was 5). This
was followed by a 1s inter-trial interval. Trials were arranged in blocks of 8 trials (28s)
interleaved with 15s fixation blocks within a given run. Block conditions were balanced
and pseudo-randomized across each run. Blocks consisted of either a majority reward or
for majority punishment blocks, such that 6/8 trials were reward trials interspersed with 1
neutral and 1 punishment trial, 2 neutral trials, or 2 punishment trials, or vice versa for
majority punishment blocks. Participants responding to fewer than 70% of trials or showing
greater than 90% response bias for a single-button response were excluded.

MRI Acquisition and Processing

Comprehensive information on MRI hardware, sequences, and acquisition harmonization
with other HCP studies are described elsewhere.14 Briefly, data were collected on a
Siemens 3T Prisma MRI using a 64-channel head coil, using 52 head elements. One
high-resolution, multi-echo magnetization-prepared rapid gradient echo (MPRAGE) T1w
and one high-resolution T2w image were acquired (0.8 mm isotropic voxels, 208 slices,
FOV = 256 x 240 x 167 mm, Tlw: TR/TE=2400/2.18 ms, T2w: TR/TE=3200/564 ms)
along with a vNav setter for prospective motion correction.81 The vNav-enabled sequences
estimate motion throughout the structural scans and reacquires/replaces A-space data unduly
affected by motion (mean motion was used as a covariate in structural analyses). Task-fMRI
images were acquired using 2-D multiband, gradient-recalled echo-planar imaging (2.0

mm isotropic voxels, 72 slices, multiband acceleration factor=8, TR/TE=800/37 ms, flip
angle=52°). Task data were acquired in two runs with different phase encoding directions
(ie, anterior-posterior [AP], posterior-anterior [PA]).

MRI data were processed per HCP guidelines using the HCP minimally preprocessed
pipeline v3.26.1 (github.com/Washington-University/Pipelines/releases/tag/v3.26.1). Briefly,
PreFreeSurfer, FreeSurfer, PostFreeSurferworkflows were used to process structural
images; gradient nonlinearity distortion correction, bias-field corrections, a high-pass spatial
filter, nonlinear transformation and normalization, and segmentation/parcellation were
applied. Structural surface registration used the Multimodal Surface Matching algorithm
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(MSMSulc). Subcortical and intracranial volumes were extracted from this FreeSurfer v6.0
processing. Any volume outliers >3SD from the mean were Winsorized to the next most
extreme non-outlier value.

Task fMRI data were processed using fMRIVo/lume and fMRISurface pipelines;
preprocessing steps included gradient nonlinearity distortion correction, rigid-body motion
correction, dual-phase encoded spin-echo distortion correction, T1w-alignment, MNI spatial
normalization, and BOLD signal intensity normalization by the average, whole-brain

time series. Task fMRI data were placed in grayordinate space (registered to 32k_fs_LR
mesh). A spatial filter was applied so that higher-noise voxels (greater than .5 SDs above
mean coefficient of variation within a 5mm Gaussian neighborhood) were excluded from
surface maps. Grayordinate space data were smoothed (2 mm FWHM; in volume-space
subcortically and on the mesh cortical surface) on the mesh surface and subjected to a high-
pass filter of 0.005 Hz. Participant-level GLMs were modeled in FSL using a double-gamma
hemodynamic response function convolved with block boxcar function by type (reward or
punishment) and including regressors for head motion parameter estimates. An additional

2 mm smoothing kernel was applied to GLM outputs for a final smoothing of 4 mm.

One sample t-tests were run to display group-level activation maps across participants.
Contrast activation was extracted from anatomically defined nucleus accumbens ROIls
(Harvard-Oxford subcortical atlas) from the volume-space data in the CIFTI format output.

Participant characteristics.—Data analysis was performed in Rv3.6.3. Group
differences among healthy and depressed-anxious adolescents were tested using #-tests for
continuous variables and - 2 tests for categorical variables.

Structural MRI.—L.inear regression analyses examined differences between healthy and
depressed-anxious participants in subcortical volume, controlling for age, sex, 1Q, pubertal
status, handedness, ADHD, medication usage, and head motion during the structural scan.
Intracranial volume (ICV) was first examined to test group differences in global volume.
Although hypotheses focused on specific subcortical regions, we tested all subcortical
volumes (left/right average) to ensure specificity of findings while also controlling for ICV
and False Discovery Rate (FDR) correcting for 7 tests (ie, amygdala, caudate, hippocampus,
nucleus accumbens, pallidum, putamen, thalamus). Standardized regression coefficients
(b) are presented. Effect size estimates for group differences, adjusting for covariates,

were calculated as Cohen’s d from regression results.82 Follow-up subgroup analyses
compared anxiety disorders only (n7=72; participants met criteria for generalized anxiety
disorder, social phobia, separation anxiety, panic disorder, agoraphobia and/or specific
phobia but did not report a depressive disorder), depressed-anxious (/7=57; =11 depressive
disorder only and /=48 comorbid diagnoses of depression and anxiety) versus healthy
controls (7=64). Sensitivity analyses tested group differences after excluding all medicated
depressed-anxious participants. Supplemental analyses examined cortical thickness across
Destrieux atlas ROIs.83
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Functional MRI.—Given a priori interest in reward-related nucleus accumbens reactivity
and focal activity in this area for the Reward-Punishment contrast (Figure S3, available
online), we extracted accumbens activation averaged within an anatomically defined ROI for
Reward-Baseline, Punishment-Baseline, and Reward-Punishment activity. Linear regression
analyses examined group differences in activation, controlling for age, sex, 1Q, pubertal
status, handedness, ADHD, medication usage as well as well as head motion (average

root mean square motion, averaged across runs). Follow-up subgroup and sensitivity
analyses excluding medication use were performed. Exploratory whole-brain CIFTI-space
analyses were performed in FSL PALM using TFCE (500 iterations, tail acceleration) while
controlling for the same covariates.

Multimodal Prediction.—Finally, we tested the additive value of brain volume and IPT
brain activation in predicting longitudinal change in symptoms. Specifically, we ran stepwise
regression models predicting depression (MFQ) and anxiety symptom (RCADS) scores at
the 6-month follow-up. Initial models included baseline symptoms, age, sex, 1Q, pubertal
status, handedness, ADHD, medication, and head motion during SMRI and fMRI. The
second models added average nucleus accumbens volume. The third models added average
accumbens Reward-Baseline activation.

Structural MRI data (N=193).

Relative to healthy adolescents (/7=64), depressed-anxious participants (/7=129) showed
slightly smaller ICV (b=-0.34, £182)=-2.25, p=.03, d=-0.34). Accordingly, ICV was
included as a covariate in all subsequent tests examining subcortical volume. Compared

to healthy controls, depressed-anxious adolescents had reduced total subcortical gray

matter volume (6=-0.22, {181)=-2.04, p=.04, d=-0.32), controlling for ICV and all
covariates. Notably, this effect was observed in individual subcortical regions (Table 3;
Figure 1A), including the amygdala and nucleus accumbens (Figure 1B), although only
nucleus accumbens volume differences survived FDR corrections for multiple comparisons.
In this model (Table S2, available online), larger accumbens volumes related to larger

ICV (6=0.46, {181)=5.86, p<.001) and showed a trend-level non-significant association
with medication use (6=0.29, {181)=1.88, p=.06); no other covariates were significant.
Subsequent analyses found that relative to healthy youth, depressed-anxious adolescents
had reduced accumbens volume in both the left (6=—0.49, {181)=-2.89, p=.004) and

right hemisphere (6=-0.47, {181)=-2.89, p=.004), with no significant hemisphere by
group interaction (4=—0.09, £369)=-0.95, p=.34). Further sensitivity analyses indicated that
the effect of reduced accumbens volume in the depressed-anxious versus healthy youth
remained significant when excluding all depressed-anxious participants reporting medication
use (6=—0.42, {107)=-2.55, p=.012; N=117). Interestingly, reduced accumbens volume
correlated with greater depression severity (r=-.23, p<.01), trait anxiety (/=-.22, p<.01), and
state anxiety (GAD (r=-.18, p<.05), social (/=—.26, p<.001), and panic symptoms (r=-.21,
p<.01); Table S3, available online). Further, greater accumbens volume associated with
enhanced motivational drive (r=.17, p<.05) and fun-seeking (/=.18, p<.01) whereas reduced
volume correlated with greater behavioral inhibition (/=-.24, p<.05).
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Follow-up subgroup analyses indicated that both the anxiety-only (6=-0.50, {180)=-3.00,
p=.003) and anxious-depressed (6=-0.54, {180)=-2.80, p=.006) subgroups exhibited
comparably lower accumbens volume relative to healthy controls. Interestingly, trend-level
reduced amygdala volume was found for the anxiety-only (6=-0.30, {180)=-2.02, p=.04)
but not the depressed-anxious (6=-0.27, {180)=-1.58, p=.12) subgroup. Group differences
in regional cortical thickness are presented in Table S4 and Figure S4, available online).

Functional MRI data (N=184).

Depressed-anxious (/7=120) participants exhibited blunted accumbens Reward-Baseline
contrast activation compared to healthy controls (7=64), (b=-0.47, {173)=-2.51, p=.01,
d=-0.40; Table S2, available online, Figure 1C). This effect was observed in the right
hemisphere (6=-0.50, {173)=-2.62, p=.01, d=—0.42) with a non-significant trend in

the left hemisphere (6=-0.36, {173)=-1.90, p=.06, d=—0.30). Among all covariates,
significant or non-significant trend-level effects were observed such that males (4=0.40,
K(173)=2.52, p=.02), right-handedness (6=0.33, {173)=1.92, p=.06), and comorbid ADHD
(6=0.38, {173)=1.83, p=.07) were characterized by greater accumbens response to Reward-
Baseline. We also re-ran the model excluding all participants reporting current medication
use, and similarly, we found that depressed-anxious youth reported blunted activation

in the accumbens relative to healthy youth (6=-0.47, 1(103)=-2.38, p=.019; N=112).
Highlighting specificity, no significant between-group effects emerged for Punishment-
Baseline (6=-0.15, {173)=-0.77, p=.44, d=-0.12) or Reward versus Punishment (6=-0.21,
#(173)=-1.10, p=.27, d=-0.18) (Figure S5, available online). Accumbens activation for the
Reward-Baseline contrast showed no associations with baseline symptom or trait measures
(ps>.05; Table S3, available online).

Follow-up subgroup analyses indicated slightly stronger blunting of accumbens Reward-
Baseline response among the anxiety-only subgroup (6=-0.50, {172)=-2.53, p=.01) with

a trend-level non-significant effect among the depressed-anxious subgroup (6=-0.41,
#(172)=-1.83, p=.07) relative to healthy controls. Exploratory analyses of whole-brain group
differences did not pass stringent TFCE correction.

Multimodal Prediction.

Additional analyses tested factors that predicted depression severity at the 6-month follow-
up, controlling for baseline symptoms in all models. Of the participants (7=177) with

all baseline and both accumbens structure and function data, 32 participants (depressed-
anxious=27; healthy controls=5) were missing 6-month follow-up data (remaining /=145).
Although specific factors related to attrition (pubertal status, depression symptoms, social
anxiety symptoms, fMRI motion; Table S5, available online), these were accounted for

in subsequent analyses. In the initial model, baseline depression symptoms were highly
predictive of 6-month follow-up depression symptoms (MFQ; 6=0.45, {133)=5.70, p<.001).
There was a smaller effect of sex (6=-0.43, {133)=-2.18, p=.03), and no other covariates
emerged as significant predictors. In the second model, we examined the additive predictive
power of average nucleus accumbens volume, which significantly improved the prediction
of 6-month depressive symptoms (6=-0.18, #(132)=-2.25, p=.03; Figure 2), as smaller
volume predicted worsening symptoms at the 6-month follow-up. Notably, accumbens
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volume remained a significant predictor of depression symptoms (6=—0.17, {130)=-2.25,
p=.03) when also controlling for both generalized and social anxiety symptoms. In the
third model, there was no significant added predictive power including Reward-Baseline
accumbens activation to the model (4=0.01, {131)= 0.19, p=.85). Figure 2 includes the
incremental R2-values obtained after including each predictor of depressive symptoms.
Importantly, the significant structural and non-significant functional accumbens effect
remained whether structure preceded or followed functional results in the model building,
and the second model (covariates+accumbens volume) exhibited the lowest AIC (346.83)
and BIC (388.50) compared to the initial (A1C=350.28; BIC=388.98) and third models
(A1C=348.78; BIC=393.44).

We also conducted an exploratory LASSO regression (R g/mnet package, 10-fold cross-
validation) to examine a regularized weighting of the factors in the third model (down-
weighting and removing small coefficients to reduce model complexity and collinearity).
This method suggested retaining seven variables in predicting 6-month MFQ scores:
baseline MFQ, age, sex, puberty, ADHD comorbidity, medication use, and accumbens
volume (ie, removing ICV, 1Q, handedness, head motion, accumbens function; AIC=339.11,
BIC=365.90, R?=.448). Accumbens volume remained a significant predictor in this reduced
model (p=.03).

Similarly, we tested multimodal prediction of anxiety symptom severity at the 6-month
follow-up (/7=143). Neither of the predictors of interest (accumbens volume, accumbens
Reward-Baseline activation) significantly predicted RCADS generalized anxiety or social
anxiety symptoms at follow-up (ps>.05), controlling for baseline anxiety and other
covariates. Of note, amygdala volume also did not predict 6-month symptoms over and
above baseline scores (p5>.05; MFQ, RCADS social anxiety, and RCADS generalized
anxiety).

Discussion

The Research Domain Criteria initiative has underscored the importance of developing
new ways of classifying mental illness based on multimodal assessment of underlying
neural dimensions. The Positive Valence Systems, in particular, provide a useful heuristic
to probe reward-related constructs that are central to anhedonia. Accordingly, our Human
Connectome project sought to characterize potential reward-related biological markers
that may cut across traditional diagnostic boundaries among depressed-anxious youth.
Our results indicated that relative to healthy participants, depressed-anxious adolescents
exhibited reduced nucleus accumbens volumes and activation following reward receipt.
Multimodal models suggested that structural alterations, but not reward-related functional
activation, prospectively predicted depression symptoms, above and beyond baseline
depression and anxiety symptoms.

Impaired Reward Processing and Clinical Course

Although depression and anxiety disorders frequently co-occur,=3 particularly when
accounting for subthreshold symptoms, a substantive corpus of research has focused on
identifying neural correlates that are specific to each disorder. Yet, clarifying multimodal
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biological dimensions for depressed-anxious youth may, ultimately, prove more fruitful
for improving clinical outcomes. Our findings highlighted considerable convergence of
impaired reward processing, which may stem from structural and functional alterations
within the nucleus accumbens. Impairments within the striatum have been linked to
anhedonia?%-84—a transdiagnostic phenotype that is more commonly associated with
depression?? but also more recently, anxiety.85 The presence of anhedonia and associated
neural alterations are important to consider given that current medication approaches
insufficiently address motivational and reward-processing deficits that characterize
anhedonia, and thus, treatment failure is common.86-88 Similarly, in psychotherapy,
anhedonia severity is predictive of greater dropout, poor treatment response, and higher
rates of recurrence.29:89.90 |n light of this evidence, it is unsurprising that anhedonia

and associated reward impairments are closely related to suicide behaviors among
adolescents.9 More broadly, it suggests that reward alterations may reflect a common
factor in psychopathology given known etiological roles in other mental disorders including
substance use, bipolar disorder, and psychosis,?2 which is consistent with recent research
that has identified transdiagnostic neurofunctional markers associated with disruptions in
emotional processing.%3

Increasingly, taxometric research has demonstrated that examining internalizing disorders
as dimensional constructs as opposed to discrete categories defined by the Diagnostic

and Statistical Manual could aid research and treatment.94-98 Accordingly, recent
psychotherapeutic approaches are modifying targets to align with this shift. For example,
a randomized control trial administered a positive affect treatment focused on improving
reward sensitivity—directly targeting anhedonia—among depressed-anxious individuals.
Patients were recruited based on dimensional depression and anxiety cutoffs (as opposed
to diagnoses). Preliminary results for the positive affect treatment—relative to a negative
affect treatment, which was a combination of exposure and cognitive behavioral skills—
demonstrated reduced depression and anxiety symptoms, improved positive affect, and
reduced suicidal ideation.%0 Similarly, the unified protocol for transdiagnostic treatment is
rooted in the belief that there is considerable symptom overlap across disorders and thus,
targets core temperamental characteristics that are common to anxiety, depression, and
related disorders.?9100 Qverall, as treatment response has not markedly improved in recent
decades, particularly in depression,101-103 these innovative approaches afford the promise
that the shift toward targeting transdiagnostic markers may optimize clinical outcomes.

Multimodal Modeling and the Promise of Clinical Translation

Although we were able to leverage multimodal data to characterize depressive and anxious
disorders in youth, a key challenge was how to integrate these data in the service

of clinical translation. Our findings showed that reduced accumbens volume but not
reward-related accumbens activation was cross-sectionally associated with depression and
anxiety symptom severity, and interestingly, greater accumbens volume related to both
motivational and anticipatory (ie, fun-seeking) processes. Of note, reduced accumbens
volume also prospectively predicted depression symptoms over time. These findings have
several implications but also raise important questions. For example, it is not evident why
reduced accumbens volume matters. One possibility may be that reduced volume translates
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to fewer available dopamine receptors, which could diminish dopaminergic inputs from the
substantia nigra and ventral tegmental area and potentially impact learning (ie, prediction
error).18:62 |mpaired reward learning and responsiveness may then contribute to treatment
non-response given difficulties integrating adaptive coping strategies, thereby contributing to
the persistence of debilitating symptoms. Alternatively, it may be that functional processes
more readily reflect state-based effects, which are influenced by an adolescent’s current
emotions. By contrast, volume alterations may be more trait-like scars stemming from the
experience of chronic symptoms, medication use, and early life adversity. Whether the
development and use of pharmacological agents that selectively enhance neuromaturation
in specific brain regions would normalize reward-related processes implicated in depression
and anxiety remains unclear; however, it would seem that clarifying why volume matters
may yield important next steps for future interventions.

Although results showed neurofunctional group differences, accumbens activation did
not improve the prediction of depressive and anxious symptoms over time. An inherent
challenge with assessing reward-related behaviors in adolescents is whether or not the
stimuli are in fact rewarding. Within the IPT, correct responses resulted in money earned.
That said, money accumulated is a secondary reward that may be experienced and processed
differently than immediate receipt of primary rewards. This conceptual issue as to what
is rewarding is important to consider in the backdrop of psychometric concerns regarding
fMRI data. Namely, there are many commonly used reward tasks, including within the
Human Connectome projects, that have demonstrated poor internal consistency and test-
rest reliability.194 Our null longitudinal findings with a consummatory reward task may
underscore the importance of addressing conceptual and psychometric challenges.

Summary and Future Directions

There are several limitations that should be noted. First, given the inclusion of comorbid
depressed-anxious youth, medication use was common. Medication use has known effects
on structural3”47 and functionall9® neural correlates implicated in reward processing.
Additionally, although current medication use was obtained, we did not assess lifetime
medication, which may impact neurodevelopment and the course of symptoms over time.
We also did not obtain information on lifetime psychosocial treatment, which may impact
symptom trajectories. Second, the IPT is a block design, which is well-suited to capture
accumbens activation following reward outcomes. However, additional metrics core to
reward (eg, anticipation, prediction error) and affective disorders were not tested. Third,
although the transdiagnostic sample is a strength as it improves generalizability, it may

be that specific disorders differentially impact activation patterns. For example, our results
show a non-significant trend that ADHD was related to greater accumbens response in

the Reward-Baseline contrast; accordingly, future work may consider the risk-benefit of
including ADHD in studies focused on elucidating neural circuitry within internalizing
disorders. Similarly, it may be that prodromal bipolar disorder or subthreshold mania
symptoms in general could impact our understanding of reward-related activation in
depressed-anxious youth. Last, the present study focused on whether accumbens structure
and function contributed to the persistence of depression and anxiety symptoms, however, a
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compelling future direction, which is consistent with RDoC initiatives, would be to derive
latent measures of positive or negative valence.

In summary, comorbidity is the rule rather than the exception, and given the recent
taxometric realignment, 1112 it is critical to identify brain-behavior markers that cut across
traditional diagnostic categories. Accordingly, our multimodal findings highlight alterations
—across nucleus accumbens structure and function—that characterize depressed-anxious
adolescents. Only reduced nucleus accumbens volume, however, predicted depressive
symptoms over time, and thus, an important next step will be to clarify why structural
abnormalities impact reward-related processes and associated symptoms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Group Differences in Subcortical Volumes and Nucleus Accumbens Activation
Note. Panel A displays d effect size values for all subcortical regions from the regression

models denoted in the main text controlling for intracranial volume, age, sex, 1Q, pubertal
status, handedness, ADHD, medication, and head motion during the T1. These values are
derived from models examining left and right hemisphere volume separately. Negative
Cohen’s d values indicate smaller volume among adolescents diagnosed with depressive
and/or anxiety disorders versus healthy control subjects. Panel B displays scatterplots,
boxplots, and density plots for differences in average accumbens volumes (residualized
for all covariates) for healthy (HC; grey squares) and depressed-anxious participants (DA,
red circles). Panel C scatterplots, boxplots, and density plots for differences in average
accumbens activity to the Reward-Baseline contrast (residualized for all covariates) for
healthy (HC; grey squares) and depressed-anxious participants (DA; red circles).
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Note. Panel A presents adjusted R? (gray) and R? (black) values for the three models tested
in the multimodal prediction section predicting MFQ (Mood and Feelings Questionnaire)
depression scores at the 6-month follow-up. The first model includes baseline MFQ scores
and all covariates. The second model adds average accumbens volumes (SMRI). The

third model adds average accumbens Reward vs. Baseline activation (fMRI). Panel B
displays the association between residualized accumbens volumes and residualized MFQ
(Mood and Feelings Questionnaire) depression scores from the 6-month follow-up, also
residualized for all covariates including baseline depression. These represent results from the
multimodal prediction model 2 (sMRI) indicating that smaller accumbens volume predict
worsening depression symptoms at 6-month follow-up. HC = healthy controls; DA =

depressed-anxious.
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Table 1.

Participant, Clinical, and Scanner Characteristics

Page 22

Healthy (n=64) Depressed-anxious (n=129)  t/x2 p
Participant characteristics
Age 15.19 (0.83) 15.47 (0.84) 218 .03
Sex: male (%) 29 (45.3%) 40 (31.0%) 321 .07
Pubertal status: stage (SD) 3.38(0.58) 3.52 (0.56) 3.19 .07
Handedness: right (%) 51 (79.7) 101 (78.3) 0.001 .97
Race: White (%) 41 (75.9) 70 (84.3) 101 32
10 117.97 (14.44)  114.45 (15.19) -157 12
Income: 100k+ (%) 44 (69.84%) 77 (62.6%) 0.67 .41
Reporter parent education: Advanced degree (%) 36 (57.14%) 58 (46.77%) 1.41 .24
Either parent education: Advanced degree (%) 46 (73.02%) 74 (61.16%) 2.07 15
Symptoms
Depression symptoms 4.70 (4.61) 24.65 (14.62) 1410 <.001
General anxiety symptoms 2.05 (1.79) 7.16 (3.66) 13.01 <.001
Social anxiety symptoms 6.48 (4.44) 15.23 (6.17) 11.24 <.001
Scanner parameters
SMRI — mean motion (mm) 0.11 (0.05) 0.14 (0.05) 2.60 .01
fMRI — mean motion (mm) 0.09 (0.03) 0.10 (0.04) 2.18 .05

Note. Characteristics presented for the sample of participants with structural data available for analysis (/7=193); Table S1, available online,
presents these characteristics for the subset with IPT (Incentive Processing Task) data; Depression Symptoms = Mood and Feelings Questionnaire
(MFQ); General Anxiety Symptoms = Revised Child Anxiety and Depression Scale (RCADS); Social Anxiety Symptoms = Revised Child
Anxiety and Depression Scale; 7=1 missing 1Q, replaced with sample mean; 7=1 missing MFQ scores and RCADS scores; Pubertal Status group

comparison reflects a chi-square test.
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Table 2.
Current Mental Disorders and Medication Use Among Adolescents Diagnosed with Depressive and/or
Anxiety Disorders (7=129)
Category N (%)
Current mental disorder
Depressive disorder 57 (44.2%)
Anxiety disorder 118 (91.5%)
Comorbid depression and anxiety disorders 46 (35.7%)
ADHD (or other/unspecified ADHD) 36 (27.9%)
Eating disorder (anorexia, binge eating) 3(2.3%)
PTSD 4(3.1%)
OCD or related (excoriation, hoarding, trichotillomania, body dysmorphia) 19 (14.7%)
Disruptive disorder (ODD, IED) 10 (7.8%)
Substance use disorder 2 (1.6%)
Any comorbidity (beyond primary depression and/or anxiety) 49 (38.0%)
Current medication

Antidepressant medication 61 (47.3%)
ADHD medication 27 (20.9%)
Other psychiatric medication 12 (9.3%)
Any psychiatric medication 76 (58.9%)

Page 23

Note. Depressive disorder = major depressive disorder (7=51), dysthymia (/7=2), depression NOS (/=4), anxiety disorder = generalized anxiety

disorder (7=70), social phobia (/7=64), separation anxiety (/7=7), panic disorder (/7=15), agoraphobia (/7=8), specific phobia (7=23), PTSD =

posttraumatic stress disorder, ADHD = attention-deficit/hyperactivity disorder, IED = intermittent explosive disorder, OCD = obsessive-compulsive

disorder, ODD = oppositional defiant disorder
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Table 3.

Subcortical Volume Differences in Healthy Controls (7=64) versus Adolescents Diagnosed with Depressive
and/or Anxiety Disorders (/7=129)

B t(182) p d 9% Diff.
Thalamus -0.10 -0.78 .44 -0.12  0.96%
Caudate -0.14 -0.83 .40 -0.13 1.60%
Putamen -019 -120 .23 -0.20 2.34%
Pallidum -022 -151 .13 -0.24  2.271%
Hippocampus -0.16 -1.09 .28 -0.18 157%
Amygdala -029 -204 .04 -0.33  3.39%
Nucleus accumbens  -0.51 -3.20 g1 * -051 8.32%

Note. Results indicate group difference effects from regression models controlling for intracranial volume, age, sex, 1Q, pubertal status,
handedness, ADHD, medication, and head motion during the T1. B values represent standardized regression coefficients. Negative B, t-statistic,
and d'values indicate smaller subcortical volumes among adolescents diagnosed with depressive and/or anxiety disorders vs. healthy participants.
The % Diff column indicates the percent difference between groups in estimated marginal means of volume. Volumes represent averages across left
and right hemispheres. Boldface type indicates significant effects.

*
FDR-corrected p-value<.05.
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