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Depression and anxiety are associated with abnormalities in brain regions that process rewards including the
medial orbitofrontal cortex (mOFC), the ventral striatum (VS), and the amygdala. However, there are in-
consistencies in these findings. This may be due to past reliance on categorical diagnoses that, while valuable,
provide less precision than may be required to understand subtle neural changes associated with symptoms of
depression and anxiety. In contrast, the tri-level model defines symptom dimensions that are common (General
Distress) or relatively specific (Anhedonia-Apprehension, Fears) to depression and anxiety related disorders,
which provide increased precision. In the current study, eligibility was assessed by quasi-orthogonal screening
questionnaires measuring reward and threat sensitivity (Behavioral Activation Scale; Eysenck Personality
Questionnaire-Neuroticism). These participants were assessed on tri-level symptom severity and completed the
Monetary Incentive Delay task during fMRI scanning. VS-mOFC and VS-amygdala connectivity were estimated
during reward anticipation and reward outcome. Heightened General Distress was associated with lower VS-
mOFC connectivity during reward anticipation (b = -0.064, p = 0.021) and reward outcome (b = -0.102, p =
0.014). Heightened Anhedonia-Apprehension was associated with greater VS-amygdala connectivity during
reward anticipation (b = 0.065, p = 0.004). The present work has important implications for understanding the
coupling between the mOFC and vS and the amygdala and the vS during reward processing in the pathophys-
iology of mood and anxiety symptoms and for developing targeted behavioral, pharmacological, and neuro-
modulatory interventions to help manage these symptoms.

1. Introduction

Dimensional models of psychopathology provide greater clinical
precision relative to categorical diagnoses and may help identify re-
lationships between specific symptoms and specific neural circuits
(Barch, 2017; Cuthbert and Insel, 2013; Kotov et al., 2017; Kramer et al.,
2019). A growing body of work examines neural differences that

correspond with general factors of psychopathology to identify trans-
diagnostic characteristics of various disorders (Barch, 2017). Equally
important is the need to identify brain systems that distinguish different
profiles of psychiatric symptoms. In parallel, human imaging research
increasingly examines connections between brain regions as opposed to
their activation in isolation from one another. This focus on integrated
neural systems may provide meaningful information about underlying
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mechanisms that characterize specific clinical symptoms. To address
this, the current study relates functional connectivity within the brain’s
reward circuit to dimensional symptoms that are common and relatively
specific to depression and anxiety.

Research in animals and humans highlights the fronto-striatal-
amygdala neural circuit in processing reward-related stimuli (Haber,
2011; Haber and Knutson, 2010). In this circuit, the ventral striatum
(VS) represents a point of convergence of the nucleus accumbens, the
rostroventral putamen, and the caudate head (Haber, 2016). It is
thought to assess the hedonic value of rewards and integrate reward-
related information from other brain systems (Haber, 2011; Schreud-
ers et al., 2018; Sumiya et al., 2017). The medial orbitofrontal cortex
(mOFC) is believed to represent value and to regulate corresponding
reward-related behavior (Rolls et al., 2020). The amygdala is linked to
motivation and the salience of stimuli (LeDoux, 2007; Mahler and Ber-
ridge, 2012; Warlow et al., 2020; Warlow and Berridge, 2021) and re-
sponds to reward-relevant cues (Dhingra et al., 2020; Lichtenberg et al.,
2021; Wassum and Izquierdo, 2015). Further, the amygdala may
modulate reward-related behavior via excitatory connections with the
vS (Haber and Knutson, 2010). Coordinated activity in the fronto-
striatal-amygdala circuit is linked to positive affect and value-based
decision making in clinical and non-clinical samples (Berridge and
Kringelbach, 2015; Haber, 2017; Haber and Knutson, 2010; Lichtenberg
et al., 2021; Rangel et al., 2008).

Depression and anxiety are associated with altered activation in the
fronto-striatal-amygdala circuit (Auerbach et al., 2022; Der-Avakian and
Markou, 2012; Ng et al., 2019). Depression is consistently associated
with reduced vS activation to rewarding stimuli (Borsini et al., 2020;
Gaffrey et al., 2018; Ng et al., 2019). Anxiety related findings are less
consistent, but similar reductions in vS responses to rewarding stimuli
have been noted (Auerbach et al., 2022; Robin and Martin, 2010). With
respect to the mOFC, heightened or reduced activation appears in in-
dividuals with depression (Borsini et al., 2020; Ng et al., 2019; Rolls
et al., 2020). In both cases, this is thought to reflect maladaptive regu-
lation of reward processing in the subcortex and corresponding behavior
in depression (Hoflich et al., 2019; Ng et al., 2019; Rolls, 2000). In
contrast to depression, anxiety does not appear to be associated with
changes in the mOFC during reward processing (Robin and Martin,
2010). Altered amygdala activation is also believed to impact vS re-
sponses to reward (Dillon et al., 2014; Fareri and Tottenham, 2016;
Robin and Martin, 2010; Tottenham and Galvan, 2016). In the case of
anxiety, increased amygdala activation is thought to enhance salience
and motivational processing, which impacts approach and/or avoidance
tendencies (Evans et al., 2008; Lira Yoon et al., 2007; Wendt et al.,
2008). Importantly, these changes appear during both fear and reward
processing (Robin and Martin, 2010), which highlights the relevance of
the amygdala in several emotion related processes. Finally, work sug-
gests a combination of reduced vS and heightened amygdala activation
is central to increasingly severe symptoms of comorbid depression and
anxiety (Andreescu and Lenze, 2012; Dillon et al., 2014).

Mental health problems are increasingly associated with abnormal-
ities in structural and functional connectivity between regions in the
brain (Cisler et al., 2014; Damme et al., 2017; Furman et al., 2011). With
respect to fronto-striatal-amygdala circuits, previous work has focused
largely on resting state and structural measures of connectivity (Damme
et al., 2017; Furman et al., 2011; Kaiser et al., 2015). However, task-
specific changes in connectivity are hypothesized to provide useful in-
formation about the underlying functions of brain networks (Damme
et al., 2019). Increased connectivity between the prefrontal cortex and
the vS has been observed in depressed samples when experiencing
monetary losses compared with rewards (Quevedo et al., 2017). This
relative increase in connectivity, or increase in communication between
the prefrontal cortex and the vS is thought to reflect greater attention to
losses and pessimistic thinking (Quevedo et al., 2017). In a separate
study, depressed participants showed decreased connectivity between
the ventromedial prefrontal cortex and several clusters in the striatum
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during reward anticipation (Walsh et al., 2017). Here, attenuated con-
nectivity is thought to reflect reduced reward-related responses in the vS
following down regulation by the prefrontal cortex (Walsh et al., 2017).

Dimensional symptom measures may partially address problems
with comorbidity and biological overlap between categorical disorders
(Barch, 2017; Cuthbert and Insel, 2013; Kotov et al., 2017; Kramer et al.,
2019). This overlap has received growing attention in the context of
mood and anxiety disorders (Craske et al., 2011; Kramer et al., 2019;
Prenoveau et al., 2011; Shankman et al., 2013), and several taxonomies
of dimensional clinical symptoms provide potential solutions (Kotov
etal., 2017; Kramer et al., 2019; Naragon-Gainey et al., 2016; Prenoveau
etal., 2011). The tri-level model is a well-established dimensional model
that examines symptoms that are shared (General Distress) and rela-
tively specific to depression (Anhedonia-Apprehension) and anxiety
(Fears) (Kramer et al., 2019; Naragon-Gainey et al., 2016; Prenoveau
et al., 2011; Williams et al., 2021). General Distress characterizes the
intensity of negative emotions such as anxiety, irritability, and hope-
lessness (Kramer et al., 2019). Anhedonia-Apprehension corresponds
with a lack of positive affect (Kramer et al., 2019). Fears describes
agoraphobic, interoceptive, social and specific phobia symptoms
(Kramer et al., 2019). This model is reliable (Kramer et al., 2019;
Naragon-Gainey et al., 2016; Prenoveau et al., 2011; Williams et al.,
2021) and is similar to other models of internalizing disorders (Kotov
et al., 2017). In the context of neuroimaging, the tri-level model is well
suited to reveal shared and unique patterns of disrupted brain circuitry
underlying depression and anxiety. In two studies, trilevel symptoms
have been related to emotion related brain processing during fMRI
scanning in the context of a fear task (Peng et al., 2023; Young et al.,
2021). In one case, anxiety symptoms, Fears, were associated with
greater neural responsivity during a fear acquisition paradigm (Peng
et al., 2023). In the second, Anhedonia-Apprehension was associated
with altered activation in the amygdala, insula, and dorsal anterior
cingulate cortex during fear extinction (Young et al., 2021). Both studies
highlight neural changes that relate to specific dimensions of mood and
anxiety symptoms. However, very little research has examined the
relationship between trilevel symptoms and neural activity in the
context of reward.

The present study examined the relationship between the tri-level
symptom dimensions and functional connectivity in the fronto-striatal-
amygdala circuit during reward anticipation and reward outcome
using the monetary incentive delay (MID) task. We examined these re-
lationships in a sample of 18-19 year old participants who were
recruited to maximize variation in threat and reward sensitivity, as well
as risk for symptoms of depression and anxiety. As in prior reports, we
examined the functional relationships between the vS and the mOFC
(Hoflich et al., 2019; Quevedo et al., 2017; Walsh et al., 2017; Young
et al., 2016) and the vS and the amygdala (Fareri and Tottenham, 2016;
Warlow et al., 2020). In this context, increased connectivity suggests
heightened communication between two regions during reward pro-
cessing. Decreased connectivity reflects reduced communication be-
tween two specified brain regions during reward processing. Drawing on
previous literature we make two predictions. First, we predict that
heightened General Distress will be associated with decreased VS-
amygdala connectivity during reward anticipation and outcome. We
base this prediction on past work that links hyperactive amygdala re-
sponses and hypoactive vS responses to heightened severity of depres-
sion and anxiety (Dillon et al., 2014). This pattern of activation may
reflect reduced communication in the VS-amygdala as rewards are
judged to be less salient in those with heightened General Distress. Such
a finding would also support past work that notes how maladaptive
changes in the VS-amygdala circuit lead to ineffective salience detection
and corresponding behavior (Tottenham and Galvan, 2016). Second, we
predict that heightened Anhedonia-Apprehension will be associated
with decreased VS-mOFC connectivity during reward anticipation and
outcome. We base this prediction on meta-analytic work that documents
heightened prefrontal cortical activation and lowered vS activation to
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rewards (Ng et al., 2019). We suggest this pattern of activation may be
the result of depressed participants who engage the prefrontal cortex to
downregulate vS during reward processing. The present work also per-
forms exploratory analyses that assess the relationships between Fears
and connectivity in the VS-mOFC and VS-amygdala circuits. Given the
exploratory nature of these analyses, we do not make any formal pre-
dictions about associations with the Fears symptom dimension.

2. Methods
2.1. Participants

Participants were recruited for the Brain, Motivation, and Person-
ality Development (BrainMAPD) study at the University of California,
Los Angeles and Northwestern University. This study investigated risk
for depression and anxiety in emerging adulthood. Data from the
BrainMAPD dataset has been published on previously in the context of
threat processing (Peng et al., 2023; Rosenberg et al., 2021; Young et al.,
2022, 2021). The present work is the first published study that focuses
on reward processing in this sample.

Participants were aged 18-19 years and were screened from an
initial sample of 2,461 individuals. Initial eligibility was assessed by
quasi-orthogonal screening questionnaires measuring reward sensitivity
and threat sensitivity (Behavioral Activation Scale, BAS; Eysenck Per-
sonality Questionnaire-Neuroticism, EPQ-R-N). Recruitment ensured
sampling from high/mid/low ranges (tertiles) on both scales, with
oversampling from the two diagonals of their bivariate space (i.e., high
EPQ-R-N/high BAS, low EPQ-R-N/low BAS, mid EPQ-R-N/mid BAS,
high EPQ-R-N/low BAS and low EPQ-R-N/high BAS).

Participants were excluded based on the following criteria: lack of
right-handed dominance, not fluent in English, traumatic brain injury,
MRI contraindications, pregnancy, color blindness, lifetime psychotic
symptoms, bipolar I disorder, clinically significant substance use disor-
der in the past 6 months, and antipsychotic medication usage. Impor-
tantly, to improve ecological validity, participants were not excluded
who were currently taking other types of psychoactive medication (N =
21). Participants provided written, informed consent and all procedures
were approved by the IRB at each institution.

This resulted in a sample of 256 participants (182 female, mean age
= 19.16 years, SD = 0.52), some of whom were excluded for problems
with data collection (e.g. participant fell asleep during MRI), if greater
than 10 % of a participant’s brain images were considered motion out-
liers (3 mm difference between frames), or if the participant received
negative winnings at the end of the task (total N = 36). We also used the
generalized extreme studentized deviate test (Rosner, 1983) to identify
and remove outliers based on connectivity estimates (N = 7) and trilevel
symptoms (N = 1). Following exclusion, a total of 212 (148 female)
participants were included in the final analytic sample (see Table 1 for
demographics). There were no significant differences in any de-
mographic variables between the final analytic sample and those who
were excluded from this sample.

The Structured Clinical Interview for DSM-5 (First, 2015) was used to
assess for psychiatric diagnoses. All interviewers had at least a bache-
lor’s degree and underwent extensive training and supervision. In-
terviewers presented completed SCID cases at a supervision meeting led
by a doctoral-level supervisor to reach consensus. Previously, our
research team has achieved good inter-rater agreement for DSM di-
agnoses (Prenoveau et al., 2011; Zinbarg et al., in press). In the final
analytic sample, 31 % of participants (N = 65) met criteria for a past
diagnosis of a unipolar depressive episode and 5 % of participants (N =
10) met criteria for a current diagnosis of a unipolar depressive disorder.
Thirty-three percent of participants (N = 70) met criteria for a past
diagnosis of an anxiety disorder and 18 % of participants (N = 39) met
criteria for a current diagnosis of an anxiety disorder.
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Table 1
Demographic details of the current sample (n = 212).

Demographic Information

Biological Sex (count)

Male 64
Female 148
Total 214
Medication total (count) 21
Bupropion/Wellbutrin

Anti-depressant 11
Anti-anxiety

Mood Stabilizer 3
Attention 7
Hispanic (count) 58

Race (count)

White 111
Asian 60
Black 19
Native American 3
Multiracial 18
Declined to respond 1

Employment (count)

Full time student 118
Part time work, full time student 84
Full time work, full time student 5
Full time work only 0
Keeping house 1
Declined to respond 4
Total Gross Family Income (count)

Less than $5000 1
$5,000-$19,999 5
$20,000-$34,999 14
$35,000-$49,999 19
$50,000-$74,999 25
$75,000-$99,999 18
$100,000-$149,999 39
$150,000-$199,999 26
$200,000 and greater 37
Declined to respond 28

2.2. Symptom assessment and factor analysis

Immediately prior to the MRI scan, participants completed ques-
tionnaires related to mood and anxiety disorders. Responses on these
questionnaires were used to generate the tri-level model symptoms.
Questionnaires included the following: Fear Survey Schedule-II (Geer,
1965), Albany Panic and Phobia Questionnaire (Rapee et al., 1994),
Self-Consciousness subscale of the Social Phobia (Herbert et al., 2014;
Zinbarg et al., 2016), Inventory to Diagnose Depression (Zimmerman
and Coryell, 1987), Mood and Anxiety Symptom Questionnaire (Watson
et al., 1995), Penn State Worry Questionnaire (Meyer et al., 1990), and
Obsessive Compulsive-Inventory Revised (Foa et al., 2002).

As in prior work (Naragon-Gainey et al., 2016; Prenoveau et al.,
2011), we employed a hierarchical model with three levels. This model
includes a broad general factor (General Distress), two intermediate
factors (Fears and Anhedonia-Apprehension), and several narrow fac-
tors. These factors are arranged in a hierarchical structure and were
estimated using a bifactor model, which allows each item to load
directly on multiple uncorrelated factors (Naragon-Gainey et al., 2016).
Model fit for this tri-level model factor structure was tested in our
sample using Mplus version 8.2 (Muthén and Muthén, 1998). Three fit
indices were used: CFI, RMSEA, and WRMR. As was suggested in prior
work (Hu and Bentler, 1999), cutoffs for adequate fit were CFI values
greater than or equal to 0.9 (with good fit being indicated by values
greater than or equal to 0.95), RMSEA values less than or equal to 0.06
and SRMR values less than or equal to 0.08. Based on the above criteria,
confirmatory factor analyses demonstrated goodness of fit of the tri-level
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hierarchical model to the data collected in the present study (Kramer
et al., 2019; Naragon-Gainey et al., 2016; Prenoveau et al., 2011; Young
et al., 2021). Factor estimates from this model were saved and used to
represent symptom dimensions of General Distress, Fears, and Anhe-
donia-Apprehension.

We defined an approximate clinical cutoff for this sample. This cutoff
was meant to characterize those with a formal DSM diagnosis and to
define clinical severity for those who hadn’t received a formal diagnosis
in the sample, but still experience clinically elevated symptoms. As in
prior work (Zinbarg et al., in press), the examination of the relative
frequency distributions of General Distress factor scores suggested that a
score of approximately 0.5 was where the distributions for those with a
current diagnosis of an anxiety disorder or unipolar depressive disorder
and those without such a diagnosis crossed and therefore is a reasonable
cutoff for clinical levels (Jacobson and Truax, 1991). This is further
supported by findings that showed a cutoff of 0.5 General Distress
discriminated among groups of participants with no diagnosis, with
either a current anxiety or unipolar depression diagnosis, and those with
both current diagnoses (Zinbarg et al., in press). Based on this cutoff,
29.1 % of participants in the BrainMAPD sample scored within clinical
range.

2.3. Monetary Incentive Delay task

Participants completed two runs of the MID task depicted in Fig. 1
(Samanez-Larkin et al., 2014). First, a circle cue signaling a reward trial
(the participant has the opportunity to Win $0.00, Win $1.50, or Win
$5.00) or a square cue indicating a loss trial (the participant might Lose
$0.00, Lose $1.50, or Lose $5.00) was presented for 2 s. Then, a jittered
(2-2.5 s) fixation was presented followed by a solid white square. Par-
ticipants were instructed to make a button response when the solid
white square was still on the screen to either win money (reward trials)
or avoid losing money (loss trials). After a 2 s fixation, feedback was
presented to participants for 2 s that detailed the amount of money won
or lost on the present trial. A jittered fixation cross was then presented
for 2s, 4 s, or 6 s as an intertrial interval. The initial target duration was
calculated from each participant’s mean hit reaction time on a MID
practice run completed before entering the scanner. The target duration
dynamically updated during the MID task to maintain 66 % accuracy
across all trials. This accuracy was calculated for each trial type sepa-
rately (i.e., Win $0.00, Win $1.50, Win $5.00, Lose $0.00, Lose $1.50,
Lose $5.00). The six trial types each were presented 8 times in random
order, totaling 96 trials, across two runs of the task.

The current work focused on two epochs within this task. The
anticipation period was defined by the start of the cue with a 4 s dura-
tion. The outcome period was defined by the start of the feedback with a
4 s duration. The motor period, which was controlled for in subsequent

A Tral Structure
Reward/Loss Cue

Target
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models, was defined by the onset of the solid white square with a 2 s
duration.

2.4. fMRI acquisition and preprocessing

Structural and functional brain images were collected on Siemens 3 T
scanners located at the University of California Los Angeles and
Northwestern University. Structural 3D axial MPRAGE images were
acquired (0.8 mm thick; TR = 2300 ms; TE = 3.03 ms; FOV = 256x256;
Matrix = 160x160; Flip Angle = 7°; 192 slices). Functional runs utilized
a gradient echo EPI sequence covering 64 axial slices (2.0 mm thick; TR
= 2050 ms; TE = 25 ms; FOV = 208x208mm; Matrix = 104x104; Flip
Angle = 76°; Multi-band acceleration Factor = 2). Data were pre-
processed using fMRIPrep 20.2.3 (RRID:SCR_016216; (Esteban et al.,
2019), which is based on Nipype 1.3.1 (RRID:SCR_002502; (Gorgo-
lewski et al., 2011). Full details of this pipeline can be found in sup-
plemental material (S1).

2.5. Region of interest selection

Similar to prior research (Haber, 2016), we define the vS as the
nucleus accumbens, rostroventral putamen, and caudate head. Previous
meta-analytic work (Oldham et al., 2018) identified two separate pairs of
peak bilateral coordinates in this functionally defined vS which were
specific to gain anticipation and gain outcome during the MID task. We
drew 8 mm spheres around each of these peak coordinates, which served
as seed regions in subsequent analysis. We extracted average signal from
these spheres to be used in first level models. The same meta-analysis
identified three peak coordinates in the mOFC that related to both gain
anticipation and outcome (Oldham et al., 2018). Signal from these three
spheres were averaged to create a single mOFC region-of-interest (ROI).
A functional ROI was not available for the amygdala in the above meta-
analysis so an anatomically defined amygdala mask from the Harvard
Oxford brain atlas was used (Bakker et al., 2015). A 50 % probabilistic
threshold was used to define this ROIL. Average signal from this bilateral
amygdala seed were used in subsequent analyses for the anticipation
and outcome epochs. See Fig. 2 for images of all regions.

2.6. Psychophysiological interaction (PPI) models

Software from the CanlabCore toolbox  (https://github.
com/canlab/CanlabCore.git) and the SPM12 software suite (Ashburner
et al., 2021) were used to generate PPI models. Reward anticipation and
outcome were modeled separately. Whole brain first level models
involved a voxelwise estimation of connectivity with the chosen vS seed.
In PPI, connectivity estimates are generated in individual brains that
reflect task specific changes in connectivity. Presently, these

Feedback
?.\ -
2-25s
2s .
2s
28

B Possible Reward and Loss Cues

/ ‘—‘.'Vm\\> ('/\, m\) ( ’V\,
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Fig. 1. Monetary Incentive Delay Task.Note: A) Trial structure and timing for an example Win $5 trial B) All possible trial types presented to participants.
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d)

Fig. 2. Regions of interest used for seed-to-seed analyses. All images were generated using the mricroGL software package (Rorden and Brett, 2000) a) medial
orbitofrontal cortex b) ventral striatum (reward anticipation) c) ventral striatum (reward outcome) d) amygdala.

connectivity estimates reflect differences in communication during gain
anticipation versus neutral gain anticipation as well as successful gain
outcomes versus unsuccessful gain outcomes. Positive estimates from
these models suggest heightened communication between regions noted
above (VS-mOFC, VS-amygdala) during respective events in the MID
task. Conversely, negative estimates from these models indicate reduced
communication between regions during respective events in the MID
task. Importantly, these PPI estimates are thought to reflect changes in
communication above and beyond correlations between time series data
between two regions of interest (O’Reilly et al., 2012). This is achieved
as each model includes standard task regressors as variables of no in-
terest as well as a single regressor to represent average activation within
the seed region. This adjusts for task related activation and spontaneous
activation of the seed. Connectivity estimates reflect the interaction of
these signals, generated by convolving a design matrix, average time
series of the vS and the hemodynamic response function to provide in-
formation above and beyond activation. PPI is considered a conservative
test and there is often concern of Type II error (O'Reilly et al., 2012).
However, when this approach yields significant effects, they are
believed to be quite reliable.

The anticipation model included five task regressors that corre-
sponded with Win $5/Win $1.50 trials, Lose $5/Lose $1.50 trials, Win
$0 trials, Lose $0 trials, and the motor period across all trials. These
regressors were convolved with the canonical hemodynamic response
function and input into the PPI model as regressors of no interest.
Average time series data from the anticipation vS seed were extracted
using the CanlabCore toolbox and input into the model as a single re-
gressor of no interest. Each task regressor was multiplied by the average
time series data of the vS to provide four interaction terms that corre-
sponded with the four task conditions, excluding the motor period.
These four regressors, derived from the interaction between task related
activation in response to anticipation trials and average activation in the
vS were used for two subsequent contrasts. Gain anticipation trials were
contrasted with neutral-gain anticipation trials. Loss anticipation trials
were contrasted with neutral-loss anticipation trials. Masks for the
mOFC and amygdala were applied to these contrasts, which resulted in
estimates of VS-mOFC and VS-amygdala connectivity for the anticipa-
tion phase. Nuisance covariates included 12 motion regressors for mo-
tion in the X, y, and z directions as well as the first derivative of each
motion term. One regressor was included to account for cerebral spinal
fluid and one regressor was included for average white matter signal.
Finally, spike regression (Han et al., 2022) was used to identify outlier
images in each participant’s time series data and flag them in first level
models.

The outcome model included five task regressors that included trials

where the participant successfully gained $5/$1.50, trials where the
participant failed to gain $5/$1.50, trials where the participant suc-
cessfully avoided losing $5/$1.50, trials where the participant lost $5/
$1.50, and the motor period across all trials. These regressors were
convolved with the canonical hemodynamic response function and
input into the PPI model as regressors of no interest. Average time series
data from the outcome vS seed were extracted using the CanlabCore
toolbox and input into the model as a single regressor of no interest.
Each task regressor was multiplied by the average time series data of the
vS to provide four interaction terms that corresponded with the four task
conditions, excluding the motor period. These four regressors used for
two subsequent contrasts. Successful gain trials of $5/$1.50 were con-
trasted with unsuccessful gain trials of $5/$1.50. Trials where partici-
pants avoided a loss of $5/$1.50 were contrasted with trials where
participants did not avoid a loss of $5/$1.50. Masks for the mOFC and
amygdala were applied to these contrasts, which resulted in estimates of
VS-mOFC and VS-amygdala connectivity for the outcome phase.
Nuisance covariates in this model were identical to those described for
the anticipation models.

2.7. Group level analysis

For each seed-to-seed estimate, three group level models were run
that tested for relationships between connectivity and each symptom
dimension separately (General Distress, Anhedonia-Apprehension,
Fears). This analysis was done separately for both reward anticipation
and reward outcome. Covariates of no interest included study site,
participant gender, and psychoactive medication status. Connectivity
estimates for the respective loss condition were also included in group
level models, which makes effects relatively specific to reward trials. If
these single symptom models yielded significant results, we assessed for
specificity by running an additional model that simultaneously included
all symptoms dimensions. These follow-up specificity analyses tested
whether each effect is significant above and beyond the impact of other
symptom dimensions. In total, this series of tests generate four models
for gain anticipation and four models for gain outcome. The first three
models estimate the relationship between individual symptoms and
connectivity. The fourth model provides an estimate of this relationship
while adjusting for other symptoms and yields an estimate for all three
tri-level symptoms simultaneously.

Positive estimates from these models correspond with relative in-
creases in connectivity that are associated with heightened clinical
symptoms. Negative estimates correspond with relative decreases in
connectivity that are associated with heightened clinical symptoms.
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2.8. Permutation testing to assess for false discovery rate

To adjust for multiple comparisons, we used a permutation-based
approach. In the case of a significant finding from one of the single
symptom models described above, a null distribution of contrast esti-
mates was generated by randomly shuffling connectivity estimates
across participants and then refitting group level models to this
permuted data. This test was performed 10,000 times. Using the beta
estimate from each respective group level model as a threshold, the
number of estimates in the null distribution that are above threshold are
summed and divided by the total number of permutations. Permutation
analyses result in a value (q) that is interpreted similarly to a p-value
that incorporates false discovery rate multiple testing correction (Noble,
2009). Values below 0.05 are considered unlikely to be due to chance.

3. Results
3.1. Demographics

Descriptive statistics for demographic and clinical variables are
presented in Table 1. Before testing for associations between clinical
symptoms and brain connectivity, a series of t-tests evaluated associa-
tions between symptom dimensions (General Distress, Anhedonia-
Apprehension, Fears) and other nuisance regressors used in the group
level models. None of the symptom dimensions differed by study site
(p’s greater than 0.056). Female participants showed significantly
higher ratings on General Distress (t = 9.44, p < 0.0001), Anhedonia-
Apprehension (t = 10.22, p < 0.0001), and Fears (t = 9.97, p <
0.0001). At the time of data collection, 21 participants were taking
psychoactive medication (Table 1). Participants taking medication did
not significantly differ from those not taking medication on ratings of
General Distress (t = 0.86, p = 0.388), Anhedonia-Apprehension (t =
1.92, p = 0.056), or Fears (t = 1.14., p = 0.257).
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3.2. Relationship between tri-level symptoms and neural connectivity
during reward anticipation

3.2.1. General Distress

Heightened General Distress was associated with decreased VS-
mOFC connectivity during reward anticipation compared with neutral
trials (b = -0.063, 95 % C.I. [-0.117, —0.009], p = 0.023). A follow-up
permutation test indicated that this effect was unlikely due to chance
(g = 0.011). A follow-up specificity analysis showed that heightened
General Distress remained significantly associated with decreased VS-
mOFC connectivity above and beyond the other symptom dimensions
(b =-0.064, 95 % C.I. [-0.119, —0.010], p = 0.021). Heightened General
Distress was not significantly associated with VS-amygdala connectivity
during reward anticipation compared with neutral trials (b = -0.013, 95
% C.L [-0.059, 0.033], p = 0.572). These results can be seen in Fig. 3.

3.2.2. Anhedonia-Apprehension

Heightened Anhedonia-Apprehension was not significantly associ-
ated with increased VS-mOFC connectivity during reward anticipation
compared with neutral trials (b = 0.004, 95 % C.L [-0.049, 0.056], p =
0.888). Heightened Anhedonia-Apprehension was significantly associ-
ated with increased VS-amygdala connectivity during reward anticipa-
tion compared with neutral trials (b = 0.061, 95 % C.I. [0.018, 0.104], p
= 0.006). A follow-up permutation test indicated that this effect was
unlikely due to chance (g = 0.003). A specificity analysis showed that
heightened Anhedonia-Apprehension remained significantly associated
with increased VS-amygdala connectivity (b = 0.065, 95 % C.I. [0.022,
0.109], p = 0.004) above and beyond other symptom dimensions. These
results can be seen in Fig. 4.

3.2.3. Fears

Heightened Fears was not significantly associated with VS-mOFC
connectivity (b = 0.015, 95 % C.I. [-0.042, 0.072], p = 0.609) or VS-
amygdala connectivity during reward anticipation compared to
neutral trials (b = 0.020, 95 % C.I. [-0.028, 0.067], p = 0.419). These
results can be seen in Fig. 5.
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3.3. Relationship between tri-level symptoms and neural connectivity

during reward outcome

3.3.1. General Distress

Heightened General Distress was significantly associated with
decreased VS-mOFC connectivity (b = -0.097, 95 % C.I. [-0.179,

—0.016], p = 0.019) during successful reward outcomes compared with
unsuccessful reward outcomes. A follow-up permutation test indicated
that this effect was unlikely due to chance (g = 0.010). A follow-up
specificity analysis showed that heightened General Distress remained
significantly associated with decreased VS-mOFC connectivity above
and beyond the other symptom dimensions (b = -0.102, 95 % C.L
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[-0.184, —0.021], p = 0.014). Heightened General Distress was not
associated with VS-amygdala connectivity during successful reward
outcomes compared with unsuccessful reward outcomes (b = -0.005, 95
% C.I. [-0.069, 0.058], p = 0.874). These results can be seen in Fig. 6.

3.3.2. Anhedonia-Apprehension

Heightened Anhedonia-Apprehension was not associated with VS-
mOFC connectivity (b = 0.042, 95 % C.I. [-0.036, 0.121], p = 0.289)
or VS-amygdala connectivity during successful reward outcomes
compared with unsuccessful reward outcomes (b = 0.010, 95 % C.L
[-0.051, 0.071]1, p = 0.749). These results can be seen in Fig. 7.

3.3.3. Fears

Heightened Fears was not associated with VS-mOFC connectivity
during successful reward outcomes compared with unsuccessful reward
outcomes (b = 0.025, 95 % C.I. [-0.061, 0.111], p = 0.573) or VS-
amygdala connectivity during successful reward outcomes compared
with unsuccessful reward outcomes (b = -0.013, 95 % C.I. [-0.079,
0.053], p = 0.696). These results can be seen in Fig. 8.

4. Discussion

The current study examined associations between functional con-
nectivity within the brain’s reward circuits and dimensional symptoms
of depression and anxiety. Heightened General Distress was associated
with decreased VS-mOFC connectivity during reward anticipation and
reward outcome. Heightened Anhedonia-Apprehension was associated
with increased VS-amygdala connectivity during reward anticipation.
These effects were observed after adjusting for other symptom di-
mensions, which suggests they are relatively unique to each respective
symptom. All models adjusted for site, sex, medication status, and
connectivity during respective loss trials.

Heightened General Distress was associated with decreased VS-
mOFC connectivity during reward anticipation and reward outcome.
As noted above, we predicted this profile for Anhedonia-Apprehension,
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but we find it for General Distress instead. This suggests that individuals
with high levels of negative affect, as measured by General Distress, are
characterized by reduced communication between the mOFC and vS
during both the anticipation and receipt of rewards. This may reflect
heightened mOFC and blunted vS responses to reward, which has been
linked to both anxiety and depression (Borsini et al., 2020; Gaffrey et al.,
2018; Ng et al., 2019; Robin and Martin, 2010). Our results are also in
line with a growing literature that links transdiagnostic measures of
anxiety and depression to alterations in the VS-mOFC circuit (Auerbach
et al., 2022; Dillon et al., 2014). Taken together with current results, we
suggest that heightened negative emotionality may partially result from
ineffective communication between the mOFC and the vS More pre-
cisely, those with high levels of distress may engage the mOFC in a
manner to blunt subcortical reward responses and positive affect. This
would help explain altered approach and avoidance behavior that has
been noted in anxiety and depression (Struijs et al., 2017). We believe
these findings highlight an important target for interventions, such as
transcranial magnetic stimulation, that seek to innervate underlying
subcortical reward pathways via pathways through the cortex (Ryan
et al., 2022). Considering current findings, such interventions may be
efficacious in treating reward dysregulation across a variety of anxiety
and depression related disorders.

In addition, we found that heightened Anhedonia-Apprehension was
associated with increased VS-amygdala connectivity during reward
anticipation. Prior research links the amygdala to motivation and
reward processing (Costa and Averbeck, 2021; Murray, 2007). Addi-
tional work notes reduced motivation and blunted brain responses to
reward in depression (Gaffrey et al., 2018). Present findings bridge these
assertions and suggest that heightened Anhedonia-Apprehension relates
to greater involvement of the amygdala in reward processing. This may
occur via excitatory projections from the amygdala to the vS (Haber and
Knutson, 2010), which are thought to shape emotionally salient
behavior in response to rewarding or dangerous stimuli (Fareri and
Tottenham, 2016). As such, we suggest that Anhedonia-Apprehension
may be partially characterized by altered judgment regarding the

: Fig. 6. Relationship between General Distress
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salience of reward related stimuli, which is thought to occur during the
anticipation phase of the MID (Oldham et al., 2018). As Anhedonia-
Apprehension is partially associated with reduced positive affect
(Kramer et al., 2019), we expect this reflects decreased attention to
reward related cues. This would potentially result in blunted reward
responses and reduced motivation.

Limitations of the present work include the narrow age range of the
sample, thus representing a snapshot of development that may not
generalize to other age groups. Second, recruitment in the current study
did not recruit specifically for mental illness. While the dataset contains
those with current or past depression and anxiety disorders, future work
should extend into more clinically severe samples. Third, our sample
was primarily composed of white college students. Future work should
strive to recruit a more diverse sample. Fourth, PPI is a useful method,
but interpretation of contrasted connectivity estimates can be difficult
(O’Reilly et al., 2012). Future work might combine estimates of con-
nectivity from varying modalities, including resting state fMRI, to better
contextualize present findings. Fourth, to maximize coverage of reward
related signal in the vS and mOFC, we used functionally defined ROIs
with peak coordinates identified in recent meta-analytic work (Oldham
et al., 2018). Future work may wish to employ anatomically defined
ROIs to more precisely map clinically relevant changes in reward pro-
cessing to more specific brain regions. Finally, recent work highlights
poor reliability in studies that link clinically relevant behavior to mea-
sures of brain function (Marek et al., 2022). This underscores the need
for renewed effort to uncover more reliable measures of brain function
that align with precise dimensions of clinical experience.

4.1. Conclusions

The present study suggests that empirically derived symptoms can be
linked to specific changes in VS-mOFC and VS-amygdala circuits during
reward processing. Effects associated with General Distress can be
thought of as transdiagnostic. As such, VS-mOFC findings may provide a
valid target for biological interventions that innervate subcortical
pathways via cortical brain regions in an effort to treat a range of

Neurolmage: Clinical 37 (2023) 103335
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scores and reflect variation around average symptom
severity in the sample.
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symptoms related to depression and anxiety (Ryan et al., 2022). Current
results also indicate heightened communication within VS-amygdala
circuit may result in blunted positive affect that is associated with
Anhedonia-Apprehension. This second set of findings highlight the po-
tential efficacy of psychotherapeutic interventions, such as cognitive
behavioral therapy, that may improve normative regulation of regions
like the amygdala (Shou et al., 2017). Results presented are cross-
sectional, however, these results provide a framework for longitudinal
studies to build on the current work. Such work could provide greater
understanding of the role that VS-mOFC and VS-amygdala pathways
play in the development of depression and anxiety.
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Fig. 8. Relationship between Fears and connectivity in both the VS-mOFC and VS-amygdala circuits during reward outcome. Values on the y-axis reflect estimated
differences in connectivity during successful gain outcomes versus unsuccessful gain outcomes extracted from whole brain contrast maps. Values come from single
symptom models that adjust for sex, site, medication status, and connectivity calculated during the corresponding loss contrast. Symptom scores are presented as z-

scores and reflect variation around average symptom severity in the sample.
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