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Abstract

Anhedonia, marked by deficits in reward processing, is a prominent symptom of several
psychiatric conditions and has been shown to influence functional connectivity between
reward-related regions. However, the unique influence of anhedonia severity on reward circuit
connectivity in posttraumatic stress disorder (PTSD) remains unclear. To address this, we
examined resting-state functional connectivity (rsFC) of the ventral striatum as a function

of anhedonia for individuals with PTSD. Resting-state functional MRI scans and behavioral
assessments were collected for 71 women diagnosed with PTSD. Seed-based voxelwise rsFC
analyses for left and right nucleus accumbens (NAcc) seed regions of interest were performed.
Voxelwise regression analyses were conducted to examine the relationship between anhedonia
severity and rsFC of left and right NAcc. Results indicated that greater anhedonia severity was
associated with reduced rsFC between the left NAcc and a cluster in the left caudate extending to
the thalamus. This relationship between anhedonia and rsFC remained significant after controlling
for PTSD symptom severity or depression severity. Our findings suggest that reward circuit
dysfunction at rest is associated with anhedonia in PTSD. These results further contribute to our
understanding of the neural correlates of anhedonia in psychiatric conditions.
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1. Introduction

Anhedonia, characterized by persistent deficits in reward processing, is a core symptom

of multiple psychiatric disorders [1,2]. Previous work has primarily focused on the role of
anhedonia in major depressive disorder (MDD) and schizophrenia [3,4]. However, recent
research and clinical diagnostic criteria have increasingly recognized anhedonia and deficits
in the experience of positive affect as major symptoms of posttraumatic stress disorder
[PTSD; 2,5-7]. Regardless of the specific diagnosis, anhedonia can have detrimental effects
on mental health and well-being. For instance, increased anhedonic symptom severity has
been associated with reduced treatment response, increased suicidality, reduced quality of
life, and increased risk of developing mood and anxiety disorders [4,7-10]. Considering the
prevalence of anhedonia in psychopathology and its risk factors, it is critical to understand
the neural correlates of anhedonia in PTSD to identify potential biomarkers for early
intervention and treatment.

Anatomical research in animals and functional neuroimaging studies in humans have
implicated a set of cortical and subcortical brain structures in reward processing. This
reward circuit is a collection of interconnected regions along the mesocorticolimbic
dopaminergic pathway, including the ventral tegmental area, ventral and dorsal striatum,
orbitofrontal cortex (OFC), and the medial prefrontal cortex (mPFC), that are active during
the anticipation or experience of a rewarding stimuli [11-14]. In particular, the nucleus
accumbens (NAcc) of the ventral striatum has been identified as an integral part of the
reward circuit, consistently showing strong activation in response to rewarding stimuli
[15,16]. During reward processing, the NAcc also exhibits functional connectivity with the
OFC, mPFC, posterior cingulate cortex (PCC), thalamus, caudate, and amygdala [12,17].

Given the diffuse connectivity of the NAcc to regions involved in emotion processing and
decision making, it is unsurprising that its dysfunction has been associated with reduced
hedonic capacity in both healthy and clinical populations [16,18—-24]. In response to a
monetary reward, healthy individuals with increased anhedonic symptom severity showed
decreased volume and reactivity of the NAcc [23]. Similar decreased NAcc activity was
found in a sample of depressed individuals when responding to happy and neutral stimuli
[19]. Differences in functional connectivity of the NAcc have also been demonstrated across
clinical diagnoses in relation to hedonic deficits. In a sample of individuals with different
psychiatric disorders, including depression and schizophrenia, decreased connectivity
between the NAcc and regions of the default mode network (DMN) was associated with
greater reward processing deficits in comparison to controls [22]. Another study similarly
showed that adolescents with increased anhedonia have decreased resting-state functional
connectivity (rsFC) between the left NAcc, subgenual anterior cingulate cortex, and left
caudate [18]. Taken together, this research indicates that activity and connectivity of the
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NAcc is related to anhedonic symptom severity. More specifically, decreased activity of
the NAcc and decreased connectivity between the NAcc and other reward-related regions
appears to be a biomarker of anhedonia in healthy individuals as well as those with
depression and schizophrenia.

However, fewer studies have investigated whether these same patterns of neural dysfunction
underlie anhedonic symptoms in PTSD. Neural dysfunction associated with anhedonia in
PTSD has only recently been examined, despite the fact that diagnostic criteria for PTSD
include symptoms of reduced motivation and diminished pleasure in previously rewarding
experiences [1,2]. Using task-based neuroimaging, individuals with PTSD in comparison to
controls tend to report less motivation and satisfaction in response to rewards, and these
decreased hedonic responses have been associated with altered activity in NAcc, mPFC, and
striatum [21,25]. In a similar study, decreased activity was observed in the left OFC, ventral
mPFC, and amygdala for individuals with PTSD in response to imagery of positive social
events, and this reduction was exacerbated by higher PTSD symptom cluster severity scores
[26].

To our knowledge, only two resting-state neuroimaging studies have investigated
connectivity of the reward circuit in relation to PTSD or trauma. One study comparing
rsFC between individuals with comorbid PTSD-MDD, PTSD only, or trauma-exposure,
found significantly reduced connectivity between the NAcc and thalamus in the comorbid
PTSD-MDD group when compared with the PTSD only and trauma-exposed groups [24].
Moreover, in all participants with PTSD, reduced rsFC involving the reward circuit appeared
to be driven by depression severity but not PTSD severity. A separate study examined the
influence of anhedonic symptom severity and trauma on resting-state NAcc connectivity.
Olson and colleagues [20] found that higher anhedonia scores in a sample of trauma-
exposed men and women correlated with greater rsFC between the NAcc and dorsal mPFC,
though these findings were not moderated by PTSD or depression severity.

Together, these studies implicate altered reward circuit activity and connectivity in PTSD
and in trauma-exposed individuals with anhedonic symptoms. However, no studies have
directly examined the influence of anhedonia on rsFC within the reward circuit in
individuals with PTSD. The present study examined rsFC within the reward circuit as

a function of anhedonic symptom severity in a sample of women diagnosed with PTSD
resulting from interpersonal trauma. We hypothesized that increased anhedonia would

be associated with reduced rsFC between the NAcc and reward-related brain regions. In
particular, based on the reviewed literature, we predicted that anhedonia would be associated
with reduced rsFC between the NAcc and striatum, thalamus, and ventral mPFC.

2. Materials and Methods

2.1

Participants

Data for the current study were collected as part of a larger NIH funded study investigating
the neurobiological changes following cognitive processing therapy in PTSD [e.g., 27,28].
Participants included 71 women between the ages of 18 and 56 meeting DSM-IV-TR
criteria [1] for PTSD resulting from interpersonal trauma, such as physical or sexual assault,
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molestation, or intimate partner violence. All participants reported that their most recent
traumatic event had occurred at least 1 month prior to the initial assessment. As long as
the primary diagnosis was PTSD, individuals with other current comorbid psychological
disorders were included: major depressive disorder (1= 21), panic disorder (7= 5), social
phobia (7= 6), specific phobia (/7= 8), agoraphobia (7= 1), obsessive compulsive disorder
(n=2). Participants were excluded for the following reasons: active suicidality, homicidal
ideation, Axis Il disorders, current alcohol or substance abuse disorder, schizophrenia

or other psychatic disorder, bipolar disorder, history of head trauma, current use of
psychotropic prescription or nonprescription drugs, previous trauma-focused therapy, or
MRI contraindications (e.g., metallic implants, implanted medical devices).

Participants were recruited through referrals and advertisements at a Midwestern,

multidisciplinary trauma recovery center. All participants provided written informed consent
and were paid for their participation. All study procedures were in accordance with the local
institutional review board. For participant demographics and clinical symptoms, see Table 1.

2.2. Clinical Assessments

2.3.

2.2.1. Anhedonia.—Anhedonia symptom severity was measured with the Anhedonic
Depression (AD) subscale of the Mood and Anxiety Symptoms Questionnaire [MASQ);
29,30]. The MASQ-AD subscale is comprised of 22 items related to symptoms of
anhedonia, with questions such as “Felt like there wasn’t anything interesting or fun to

do” and “Felt like nothing was really enjoyable”. For each item, participants rated how
frequently they had felt or experienced the symptom in the past week on a scale from 1 (not
at all) to 5 (extremely).

2.2.2. PTSD symptom severity.—PTSD symptom severity was assessed using the
30-item Clinician-Administered PTSD Scale [CAPS; 31]. This measure has demonstrated
high internal consistency (Cronbach’s as = .92 —.99) and is an accepted valid measure of
PTSD symptoms and diagnosis [31]. This measure provides frequency and severity ratings
of DSM-IV-TR PTSD symptoms over the past month. For the current study, total PTSD
symptom severity scores were calculated for each participant. The internal consistency of the
CAPS in this sample was high (Cronbach’s a = .95).

2.2.3. Depression.—All participants completed the Beck Depression Inventory-I1 [BDI-
I1; 32]. On this 21-item, self-report questionnaire, participants rated items such as “feeling
sad” and “discouraged about my future” on a scale from 0 (indicating an absence of
symptoms) to 3 (indicating the maximum severity). Total depressive symptom severity on
the BDI-11 was calculated. The internal consistency of the BDI-11 in this sample was high
(Cronbach’s a =.90).

Functional MRI Data Acquisition

MRI data were acquired using a Siemens 3.0 T TrioTrim MRI scanner (Siemens, Erlangen,
Germany). Two resting-state fMRI (rs-fMRI) scans were collected using an asymmetric
spin-echo planar imaging sequence (TR/TE/flip angle (FA): 2.2 s/27 ms/90°, field of

view (FOV): 384 cm, slice thickness: 4mm, number of slices: 36 transverse, voxel size:
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4x4x4 mm3). Each participant was instructed for the resting-state scan (~8 min) to keep
their eyes open and fixated on a cross and to remain still and not to move during the

scan. High-resolution T1-weighted structural imaging data were acquired sagittally using a
magnetization prepared rapid echo gradient (MPRAGE) sequence (T1: 1000ms, TR/TE/FA:
2.4 5/3.13 ms/8°, FOV: 255x256 mm2, matrix: 256x256, slice thickness: 1mm, number of
slices: 1024, voxel size: 1x1x1 mm3). For the present study, the first rs-fMRI scan was used
for analysis as this scan was collected for all participants.

2.4. Preprocessing and Motion Analysis for rs-fMRI Data

The rs-fMRI EPI functional and T1 structural images were processed using AFNI,

FSL, and ANTSs [33 FMRIB Software Library; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/; http://
stnava.github.io/ANTSs/]. Initial preprocessing steps for the EPI were conducted as follows:
deoblique (3dWarp), removal of the first three volumes (3dcalc), motion correction of
time points by rigid body alignment to first EPI image (3dvolreg), despiking to remove
time series outliers (3dDespike), bandpass filtering to reflect the low frequency neuronal
fluctuations for resting-state BOLD activity (0.01 — 0.10 Hz), and spatial smoothing with a
3D 4-mm full-width half-maximum (FWHM) Gaussian kernel (3dmerge).

T1 images were then skull-stripped, coregistered with the EPI, normalized to Montreal
Neurological Institute (MNI)-152 template space, and resampled to 3mm cubic voxels.
Next, cerebrospinal fluid (CSF), white matter (WM), and gray matter (GM) masks were
segmented from normalized T1 images for later nuisance regression [FAST in FSL; ,34].

Prior to the final preprocessing steps, individual scans were assessed for excessive motion,
defined as mean framewise motion displacement > 4mm and/or total scan time < 3 min after
motion censoring all time points with framewise motion displacement > .2mm and extreme
timeseries outliers (i.e., time points where > 10% of voxels were outliers) [35,36]. These
motion censoring criteria were based on previous recommendations and our prior research
[35-39], resulting in exclusion of ten participants. Additionally, average root-mean-squared
(RMS) displacement was calculated to estimate individual participant motion [40]. Note,
RMS did not correlate with anhedonic symptom severity (/(61) = .01, p=.93); thus, it was
not included as a covariate in rsFC analyses.

For the final preprocessing steps, a GLM was run in AFNI (3dDeconvolve) to account

for motion and other nuisance variables [as in 40], including six motion parameters and
their derivatives, the WM time series and its derivative, and the CSF time series and its
derivative. The output from these final preprocessing steps was then used in the seed-based
rsFC analyses described below.

2.5. Statistical Analyses

2.5.1. rsFC Analysis.—To evaluate the influence of anhedonic symptom severity on
rsFC within the reward circuit in PTSD, we first conducted seed-based voxelwise rsFC
analyses for both the left and right NAcc [12; Figure 1A]. For each seed region of interest
(ROI), a 3-mm radius seed mask was created in MNI space and then applied to the fully
preprocessed EPI data of each participant in AFNI. Then, the mean resting-state BOLD time
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series from each ROI for each participant was entered in a GLM to calculate the correlation
between each seed ROIs time series and all other voxels. For each participant, correlation
maps were created for each ROI by converting R values to correlation coefficients and then
applying Fisher’s r~to-ztransformation [as in 38]. The z-score correlation maps were then
used in the multivariate linear regression analyses detailed below.

2.5.2. Influence of Anhedonic Symptom Severity.—Two multivariate linear
regressions were run for the entire sample after motion exclusion (A= 61) to determine
whether anhedonia predicted rsFC of the two NAcc ROIls (3dlffest++ in AFNI). Separate
models were performed in 3dttest++ with the z-score correlation maps for either left NAcc
or right NAcc seed ROIs and anhedonia score entered as a covariate in the model. As

fMRI data has a non-Gaussian distribution, the autocorrelation function (-acf) was included
to calculate FWHM for each subject [3dFWHMXx in AFNI, 41]. Furthermore, we adjusted
for multiple comparisons by applying a family-wise error (FWE) cluster-correction at the
whole-brain level for all analyses using 3dClustSim with the autocorrelation function output
from 3dFWHMXx in AFNI [AFNI version updated February 2020, 42,43]. Resulting maps
were tested for significance at a predefined voxelwise threshold of p < .001 (uncorrected)
and peye < .025 (Bonferroni-corrected for two NAcc seed ROISs), with a cluster-corrected
size of = 42 voxels.

2.5.3. Influence of PTSD and Depression Symptoms.—To examine whether
PTSD or depression symptoms predicted rsFC of NAcc connectivity, we conducted
correlation analyses with PTSD or depression symptoms for any significant rsFC

findings. We also performed correlation analyses to determine whether NAcc-hippocampal
connectivity was associated with PTSD or depression symptoms following the methods
reported in a previous study [24].

3. Results

We first examined relationships between anhedonia and PTSD and depression symptoms.
Across the full sample, greater anhedonia symptom severity scores were significantly
correlated with more severe PTSD (/(65) = .25, p=.048) and depression symptoms (/(64)

= .61, p<.001). For the resting-state analyses after motion exclusion, anhedonic symptom
severity scores were associated with significantly decreased rsFC between the left NAcc
seed and a cluster in the left caudate extending to the left thalamus (Figure 1; prpe <

.025). These results for the left NAcc remained significant after controlling for PTSD and
depression symptom severity in multiple linear regression analyses (Table 2). No significant
relationships were found between anhedonia severity and rsFC of the right NAcc seed.

For our post hoc correlation analyses, rsFC results for the left NAcc seed were significantly
associated with depression (/(61) = —.41, p=.001) but not PTSD (r(61) = -.07, p> .05)
symptoms. We also examined rsFC between NAcc and hippocampal seeds from a previous
study [24]. There were no significant correlations between NAcc-hippocampal connectivity
and PTSD (n(61) = -.04, p> .05) or depression (/(61) = .06, o> .05) symptoms.
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4. Discussion

To our knowledge, this is the first study to investigate the effect of anhedonic symptom
severity on resting-state connectivity within the reward circuit in individuals meeting
diagnostic criteria for PTSD. Consistent with our hypothesis, our findings demonstrate

that increased anhedonic symptom severity is predictive of reduced connectivity within the
reward circuit in PTSD. More specifically, increased anhedonia was associated with reduced
rsFC between the left NAcc and the left caudate extending to the thalamus, even after
controlling for the severity of PTSD or depression symptoms.

Our main finding is congruent with several previous studies linking the caudate and
thalamus with reward processing in healthy and clinical populations. In healthy individuals,
the caudate has been implicated in responses to unpredictable rewarding stimuli and
stimulus-response-reward learning [15,44,45]. As for the thalamus, the NAcc primarily
projects its output to the cerebral cortex through the mediodorsal nucleus of the thalamus
[46]. This NAcc-thalamic circuit has further been shown to modulate responses to reward

in both animals and humans [24,46,47]. In individuals with depression, disrupted activity
and connectivity of the NAcc, caudate, and thalamus have been observed [16,24,48].

When responding to monetary rewards, Pizzagalli and colleagues [16] demonstrated that
individuals with depression had significantly reduced activation in the left NAcc and
bilateral caudate in comparison to controls. Similarly, reduced thalamic activity was found
in relation to anhedonia for a sample of women with unipolar depression [48]. In addition,
Zhu et al. [24] reported reduced rsFC between the NAcc-thalamic circuit in individuals with
comorbid MDD-PTSD and a correlation with depression symptoms in participants with a
PTSD diagnosis. Note, in our study the cluster extending from the caudate into a portion of
the thalamus only partially overlapped with the thalamic seed region used in Zhu et al. [24].
In conjunction with our results, this previous work clearly associates aberrant neural activity
and connectivity of the NAcc, caudate, and thalamus with reward processing deficits. We did
not find evidence for a relationship between anhedonia and reduced connectivity between
NAcc and ventral mPFC as reported in a previous study of adolescents with MDD [18].
Given that previous studies have found both increased and decreased connectivity with the
mPFC in relation to anhedonia [18,20], additional research is needed.

Considering the risk factors associated with anhedonia in psychopathology [4,8-10], our
findings may have important implications for the development of clinical interventions to
address anhedonic symptoms in PTSD. For example, deep brain stimulation of the ventral
striatum has been promising for alleviating anhedonic symptoms in treatment-resistant
depression. Bewernick and colleagues [49,50] demonstrated that stimulation to the ventral
striatum including the NAcc yielded reduced depressive symptom severity and increased the
number of self-reported pleasant activities. Furthermore, deep brain stimulation of the NAcc
decreased the hyperactivity of the PCC, OFC, caudate, and thalamus [49]. Besides brain
stimulation methods, certain psychotherapies may also be beneficial for treating anhedonia.
For instance, behavioral activation therapy, which involves increasing engagement with
rewarding stimuli and decreasing avoidance, has been shown to reduce depressive symptoms
and normalize activity in reward-related brain regions in MDD [51]. Given these results in
depression and the similar patterns of reward circuit dysfunction observed across diagnostic
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categories, it is possible that neurostimulation of the NAcc or targeted psychotherapy could
alleviate anhedonic symptoms in individuals with PTSD.

Some limitations are worth noting for the current study. First, this sample included only
female participants diagnosed with PTSD due to interpersonal trauma. For this reason,

it is unclear whether our findings would replicate in males or vary by type of trauma
experienced. Thus, future studies could assess whether there are differences in reward circuit
connectivity specific to anhedonic symptom severity in PTSD based on sex or type of
trauma exposure. Second, anhedonic symptom severity was measured using the MASQ-AD
subscale. Though this subscale has demonstrated efficacy for anhedonic symptoms [52],
there are several alternative measures of hedonic capacity that may better reflect deficits in
each phase of reward processing. For instance, the Snaith-Hamilton Pleasure Scale measures
four domains of reward processing: interests, social interaction, sensory experience, food
and drink [53]. There is also the Temporal Experience of Pleasure Scale that measures items
specific to consummatory and anticipatory anhedonia [54]. As the unique neurobiological
correlates of anticipatory and consummatory anhedonia are yet to be determined in PTSD,
subsequent studies should intentionally collect measures of hedonic capacity with the ability
to distinguish between the different phases of reward processing.

Despite these limitations, we have reported novel findings of functional reward circuit
abnormalities related to anhedonia in PTSD that were not driven by PTSD or depression
symptom severity. More specifically, we found reduced functional connectivity within
pathways that have been linked to reward processing. These findings reflect seminal and
recent literature on the neurobiological mechanisms of anhedonia in mood disorders and
support emerging literature on the neural correlates of anhedonia in trauma.
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Highlights

. Anhedonia is a core symptom of multiple psychiatric disorders, including
PTSD

. We examined the resting-state neural signatures of anhedonia in PTSD

. Greater anhedonia severity was related to reduced connectivity of the NAcc

. Findings remained significant after controlling for PTSD and depression
symptoms

. Results support common neural correlates of anhedonia across psychiatric
disorders
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Figure 1. Reduced functional connectivity associated with anhedonia severity.
A, Left nucleus accumbens (NAcc) seed (in red). B, Higher MASQ-AD (anhedonia) scores

were associated with reduced connectivity between the L NAcc seed and the L caudate
extending to the thalamus. Cluster size = 50 voxels; Peak £value: x = -13,y = -18,

z=21; t=-4.96, C, Scatter plot showing the relationship between MASQ-AD scores

and connectivity values between the L NAcc and L caudate extending to the thalamus.
Results survived whole-brain cluster correction Bonferroni-corrected for seed ROIs (prwe <
.025, p=.001 uncorrected). Results are displayed on the group average structural MRI in
MNI-space. L = left, Thal. = thalamus.
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Participant Demographics and Study Variables

Variable n Mean sD Range
Age 71 3193 9.39 18-56
Education? 1483 249 6-20
CAPS total ng 66.51 16.83 35-104
MASQ-AD Score 67¢ 7334 1552 34-101
BDI-II Score 680’ 2482 10.34 5-46

Notes. CAPS total = Clinician-Administered PTSD Scale total severity score; MASQ-AD = Mood and Anxiety Symptoms Questionnaire

Anhedonia Subscale.

a Lo .
Education is reported in years.

b . o -
CAPS total severity scores missing for two participants

c o -
MASQ-AD scores missing for four participants

a . .
BDI-11 scores missing for three participants
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Multiple Linear Regressions with Left NAcc Results Controlling for PTSD and Depression Symptoms

Table 2

left NAcc-left caudate connectivity

Models® B SEB B
b(Constant) 0.46 0.12

MASQ-AD -0.01 0.00 —517**
CAPS total 0.00 0.00 .03
C(Constant) 0.46 0.10

MASQ-AD -0.00 0.00 —138%
BDI-1I -0.00 -0.18 -.18

Page 16

Notes. MASQ-AD = Mood and Anxiety Symptoms Questionnaire Anhedonia Subscale; CAPS total = Clinician-Administered PTSD Scale total
symptom severity score; BDI-11 = Beck Depression Inventory-Version I1;

*
p<.05;

Aok

p< 01

a . . - ’ .
Regression model included all participants after motion exclusion (7= 61)

bRegression model with PTSD symptoms: R2 = .26, ps < .001

cRegression model with depression symptoms: R2 = .26, p5 <.001
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