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Striatal reactivity during emotion and reward
relates to approach—-avoidance conflict behaviour
and is altered in adults with anxiety or depression

Timothy J. McDermott, MA; Hannah Berg, PhD; James Touthang, BS;

Elisabeth Akeman, MS; Mallory J. Cannon, BA; Jessica Santiago, MS; Kelly T. Cosgrove, MA;

Ashley N. Clausen, PhD; Namik Kirlic, PhD; Ryan Smith, PhD; Michelle G. Craske, PhD;
James L. Abelson, MD, PhD; Martin P. Paulus, MD; Robin L. Aupperle, PhD

Background: We have previously reported activation in reward, salience and executive control regions during functional MRI (fMRI) using
an approach—avoidance conflict (AAC) decision-making task with healthy adults. Further investigations into how anxiety and depressive
disorders relate to differences in neural responses during AAC can inform their understanding and treatment. We tested the hypothesis
that people with anxiety or depression have altered neural activation during AAC. Methods: We compared 118 treatment-seeking adults
with anxiety or depression and 58 healthy adults using linear mixed-effects models to examine group-level differences in neural activation
(fMRI) during AAC decision-making. Correlational analyses examined relationships between behavioural and neural measures. Results: Adults
with anxiety or depression had greater striatal engagement when reacting to affective stimuli (p = 0.008, d = 0.31) regardless of valence,
and weaker striatal engagement during reward feedback (p = 0.046, d = —0.27) regardless of the presence of monetary reward. They also
had blunted amygdala activity during decision-making (p = 0.023, d = —-0.32) regardless of the presence of conflict. Across groups, ap-
proach behaviour during conflict decision-making was inversely correlated with striatal activation during affective stimuli (p < 0.001, r =
—-0.28) and positively related to striatal activation during reward feedback (p < 0.001, r = 0.27). Limitations: Our transdiagnostic approach
did not allow for comparisons between specific anxiety disorders, and our cross-sectional approach did not allow for causal inference.
Conclusion: Anxiety and depression were associated with altered neural responses to AAC. Findings were consistent with the role of the
striatum in action selection and reward responsivity, and they point toward striatal reactivity as a future treatment target. Blunting of amyg-

dala activity in anxiety or depression may indicate a compensatory response to inhibit affective salience and maintain approach.

Introduction

Approach-avoidance conflict (AAC) occurs when a person
makes a behavioural choice that might have rewarding or
threatening outcomes.'”* Neural and behavioural mechanisms
during AAC decision-making are relevant across several
psychiatric disorders, particularly anxiety* but also depression.®
Neuroimaging paradigms targeting the neural processing of
threat, reward or decision-making have separately identified
disruptions in people with anxiety or depression,®® character-
ized by increased reactivity to threat in the amygdala and in-
sula, decreased reactivity to reward in the striatum and dys-
regulated engagement of the prefrontal-cingulate region
during decision-making.” The robustness of these findings
should be qualified by mixed findings from previous meta-

analyses,'®!! and could be further supported by replication
studies with increased statistical power.”>? However, AAC
decision-making paradigms can also build on this previous
work by allowing us to examine these constructs and their
neural underpinnings simultaneously in a dynamic context.”

Tasks for fMRI with ecological validity that can effectively
simulate the complex experience of AAC decision-making in
the context of anxiety or depression might improve mech-
anistic understandings of these disorders'* at the group level
and at the level of individual differences.”> AAC decision-
making paradigms could also help guide future treatment re-
search in these disorders, given that current therapies often
try to reduce avoidance and increase approach,'® but the opti-
mal balance of these efforts for specific disorders and patients
does not yet have an empirical foundation.
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The AAC paradigms were derived from animal models of
anxiety'’'® and have been validated in humans.”** However,
they have been tested primarily in nonclinical populations,
contributing to normative understandings of the behavioural
and neural patterns that underlie AAC decision-making, but
not yet contributing to an understanding of the disruptions
relevant to mental health disorders.®%* Further, determining
the functional relationships between task behaviours and
neural activations and how they might differ for those with
anxiety or depression could facilitate a more nuanced under-
standing of AAC decision-making as a potential contributor
to anxiety or depression,?? similarly or differentially across
the disorders and for people living with these disorders.

Behavioural AAC studies that compare healthy and clin-
ical populations are rare and results have been mixed, sug-
gesting either greater avoidance in adults with anxiety
disorders® or similar avoidance with greater response incon-
sistency in an adult transdiagnostic anxiety or depression
sample.® Differences between AAC task paradigms might
partially explain these mixed behavioural findings. Neurally,
1 AAC fMRI study demonstrated decreased activation in the
bilateral prefrontal cortex and striatum in adults with major
depressive disorder.® Adults with anxiety disorders might
well be expected to show similar prefrontal and striatal dis-
ruptions during AAC tasks,* but this concept has not yet
been examined. One fMRI study of AAC in adolescents with
generalized anxiety disorder found reduced responsivity to
rewards and punishment in the striatum (i.e., caudate and
putamen) compared to typically developing adolescents, but
no neural differences during decision-making.’' Given the
high comorbidity of anxiety and depression,® studies of
AAC decision-making could be useful for delineating trans-
diagnostic and disorder-specific disruptions.

Our AAC task paradigm™? has good test-retest reliability
for behavioural responses®™ and fMRI-measured neural acti-
vation,” supporting its utility for studying individual dif-
ferences. This task allows for the separate manipulation of
decision-making (varying conflict level), affective outcomes
(using negative or positive stimuli) and reward feedback
(varying reward values). In 2 previous fMRI studies with
samples of 15 and 30 healthy adults,** participants showed
distinct regional activations across the following dimensions:
for decision-making, greater conflict trials elicited less activity
in the amygdala and more in the dorsal anterior cingulate cor-
tex (dACC), dorsal and ventral striatum, and right dorsolat-
eral prefrontal cortex (dIPFC); for affective outcomes, the
amygdala, dACC, dorsal and ventral striatum, and anterior
insula were more activated by negatively valenced stimuli
than by positively valenced stimuli; and for reward feedback,
the dorsal and ventral striatum was significantly activated
relative to baseline, but its activity did not differ by reward
value. However, the neural activations elicited during this
task have been examined only in healthy adult samples.?*

In the present study, we compared a large sample of
treatment-seeking adults with anxiety or depression to a
group of healthy adults; we used our AAC decision-making
task during fMRI to examine behavioural and neural differ-
ences.””” We also examined the functional relationships

between behavioural and neural measures and assessed
whether these relationships differed across diagnostic groups.

Our primary analyses focused on activation during each
task phase (decision-making, affective outcomes, reward feed-
back) in the same a priori regions of interest (ROIs) used in
our previous test-retest reliability study.” We hypothesized
that adults with anxiety or depression would demonstrate re-
duced approach behaviour during AAC and lower activation
of the dIPFC and dorsal and ventral striatum during decision-
making; greater activation of the amygdala and anterior in-
sula during affective outcomes; and less activation of the dor-
sal and ventral striatum during reward. We also hypothesized
that increased activity in the dIPFC and striatum during
decision-making would predict greater approach behaviour,
that activity in the amygdala and anterior insula during affec-
tive outcomes would predict less approach, and that activity
in the striatum during reward feedback would predict greater
approach. Exploratory analyses examined behavioural and
neural differences between diagnostic subgroups.

Methods
Participant selection

Overall, 139 adults with anxiety or depression and 78 healthy
adult participants completed the AAC task during fMRI. We
compiled the data set across several recently completed or on-
going studies,'®¥ all of which took place at the same site and
are fully described in Appendix 1, available at www jpn.ca/
lookup/doi/10.1503/jpn.220083 / tab-related-content. How-
ever, only 30 fMRI scans included in the present study (all
from healthy comparisons) have been previously described,*”
and that previous study focused on the reliability of behav-
iour and neural activation during the AAC task over time.

We assessed participants for psychiatric diagnoses using
the Mini-International Neuropsychiatric Interview (MINI),*
version 6.0.0 for DSM-IV-TR¥® or version 7.0.2 for DSM-5,*!
and participants completed the Patient-Reported Outcomes
Measurement Information System* Anxiety and Depression
Scales (data missing for n = 8). Diagnostic interviewers re-
ceived comprehensive assessment training from a senior-
level licensed clinician and were required to achieve a suffi-
cient interrater reliability rating (Cohen x > 0.8) for the MINI
before they conducted interviews independently.

For the anxiety or depression group, inclusion criteria were
a primary diagnosis of generalized anxiety disorder or major
depressive disorder. Comorbid diagnoses of generalized
anxiety disorder or major depressive disorder and addi-
tional anxiety disorder and related diagnoses (i.e., social
anxiety disorder, panic disorder, posttraumatic stress disor-
der) were permitted. Exclusion criteria included the follow-
ing: current severe suicidal ideation; diagnosis of psychotic
disorder, bipolar disorder, obsessive-compulsive disorder,
substance use disorder or eating disorder; medical diagnoses
that affected brain function (e.g., neurologic disease); a history
of moderate or severe traumatic brain injury; metallic MRI
contraindications; noncorrectable vision or hearing problems;
and psychotropic medications that acutely affected brain
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function (e.g., anxiolytics, antipsychotics or mood stabilizers).
Participants with anxiety or depression who reported current
use of antidepressants (e.g., selective serotonin reuptake inhib-
itors) were included if their dosage had been stable for 6 weeks
before the study. Healthy participants had no psychiatric diag-
noses, and they were not taking any psychotropic medications.

Of the 217 participants who completed fMRI, 41 (21 with
anxiety or depression, 20 healthy participants) were excluded
because of poor fMRI data quality (e.g., excess motion, scan-
ner acquisition errors, software malfunctions). Excess motion
was defined as 20% or more MRI repetition times with an
average Euclidean norm value of 0.30 or greater. A consort
diagram with detailed exclusion information is provided in
Appendix 1, Figure S1. The final sample of 176 participants in-
cluded 118 people with anxiety or depression and 58 healthy
participants. To examine for potential bias resulting from data
exclusions, we compared the included and excluded samples
based on demographic characteristics,”** and we found no
significant differences between the samples in terms of age,
sex, or race or ethnicity (Appendix 1, Table S1).

Participants provided informed consent and received
monetary compensation for study procedures following the
guidelines of the Western Institutional Review Board,
which approved the study protocol. Research was con-
ducted in accordance with the World Medical Association
Declaration of Helsinki.

Experimental paradigm and stimuli

The AAC task was conducted as previously described® and
is pictured in Figure 1. Briefly, the task consisted of 3 phases:
decision-making, affective outcome and reward feedback.
During decision-making, participants were shown a runway
with images on each side that represented 2 possible out-
comes; each outcome was an affective stimulus paired with a
monetary reward (in US cents). An image of a sun or cloud
indicated a stimulus outcome with a positive or negative va-
lence, respectively. The filling (in red) of an adjacent rectan-
gular meter indicated the level of reward.

Approach-reward (APP) trials involved no threat (i.e., posi-
tive affective outcomes on both sides) and 2 cents were of-
fered for 1 side. Avoid-threat (AV) trials had no possibility of
reward: 0 cents were offered for both positive and negative af-
fective outcomes. In conflict (CONF) trials, 2, 4 or 6 cents were
offered for negative affective outcomes (CONF2, CONF4 or
CONF6), and 0 cents were offered for positive affective out-
comes. Participants used a joystick to indicate their preference
for the probability of each of the 2 affective outcomes (each
runway position equated to 10%-90% probability on each
side). The avatar’s starting position and the side on which the
offered outcome or reward appeared were counterbalanced
across trials. During affective outcomes, participants were
presented with positively or negatively valenced pictures or
sounds drawn from the International Affective Picture Sys-
tem,* International Affective Digitized Sounds* and other
public-domain audio files. During reward feedback, partici-
pants were given 0, 2, 4 or 6 cents, and different tones were
played depending on whether or not a reward was given.

The task was programmed in PsychoPy (version 1.84.2)
and used an event-related design with 90 trials in total (18
of each trial type: APP, AV, CONF2, CONF4 and CONF6)
over 3 fMRI scans (30 trials, 480 s per scan). The decision-
making phase lasted 4 s, the affective outcome phase
lasted 6 s, the reward feedback phase lasted 2 s and the
intertrial interval lasted 1-7 s (mean 4 s). We measured
task performance using approach behaviour and reaction
time. We measured approach behaviour by determining
the avatar’s end position on the runway relative to the
negative outcome or reward; this ranged from —4 (full
avoidance) to +4 (full approach). We measured reaction
time as the time it took for participants to move the joy-
stick during the decision-making phase. We calculated ap-
proach behaviour and reaction time for each participant
and averaged them by trial type (reaction time data were
missing for 9 participants).

fMRI data acquisition and imaging parameters

We acquired functional and structural images using a Dis-
covery MR750 whole-body 3.0 T MRI scanner (GE Health-
care). We used a receive-only 8-element phased array coil
optimized for parallel imaging for MRI signal reception.
Three fMRI scans collected blood-oxygenation-level-dependent
signals using single-shot, gradient-recalled echo-planar
imaging sequences with sensitivity encoding (matrix 96 x
96, field of view 240 mm, in-plane resolution 1.875 x
1.875 mm?, 39 axial slices, slice thickness 2.9 mm, repetition
time 2.0 s, echo time 27 ms, flip angle 40°, sampling band-
width 250 kHz, 256 volumes and acceleration factor R =2 in
the phase-encoding direction).

We used a single T,-weighted magnetization-prepared
rapid gradient echo imaging sequence with sensitivity en-
coding for anatomic reference and alignment (matrix size
256 x 256, field of view 240 mm, in-plane resolution 0.938
x 0.938 mm?, slice thickness 1.0 mm, repetition time
5.94 ms, echo time 1.96 ms, flip angle 8°, sampling band-
width 31.2 kHz, 186 axial slices per volume and accelera-
tion factor R = 2).

Data preprocessing and participant-level analyses

We processed and analyzed all structural and functional
imaging data using Analysis of Functional Neurolmages
(AFNI) software.”” We discarded the first 3 volumes and
performed slice timing correction for each remaining vol-
ume. The anatomic image was aligned to an echo-planar
image and warped to the MNI152_T1_2009¢ T,-weighted
anatomic template. Echo-planar images were then re-
aligned to the first volume, template-normalized and resam-
pled to a 2 mm? voxel size. We resampled anatomic data to
a 1 mm?® voxel size.

We analyzed time series data using AFNI’s 3dDecon-
volve program (using a 7y variate hemodynamic response
function; i.e., AFNI's BLOCK function) with 9 regressors of
interest: the APP, AV, CONF2, CONF4 and CONF6 decision-
making blocks; the negative and positive affective stimuli
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Figure 1: Approach—avoidance conflict task. The 3 phases of the approach—avoidance conflict task are displayed in order from left to right.
Left: During the decision-making phase, participants had 4 seconds to move the avatar (by moving a joystick) to a position that accurately re-
flected their preference of 2 potential outcomes. The position to which they moved the avatar determined the relative probability that each of
the outcomes would occur (e.g., 90%:10% or 50%:50%). For approach-reward (APP) trials, participants were presented with a choice of
2 positive outcomes; 1 of the outcomes was paired with a 2-cent reward, as indicated by the filling of the red bar. For avoid—threat (AV) trials,
participants were presented with a choice of a positive or negative outcome, and neither was paired with a reward. For conflict (CONF)
trials, participants were presented with a choice of a positive outcome not paired with a reward and a negative outcome paired with a reward.
The reward level was indicated by the level of filling of the red bar (2, 4 or 6 cents). Middle: During the affective outcome phase, participants
were presented with a positive or negative affective stimulus picture and sound pairing. The pictures and sounds were drawn from the IAPS,*
IADS*¢ and other public-domain audio files. (The pictures displayed in this figure are from the public domain and not from IAPS to maintain
stimulus novelty). Right: During the reward feedback phase, participants were presented with text indicating their level of reward for the trial
(i.e., 0, 2, 4 or 6 cents), their total accumulated award and a trumpet sound when they received a reward (indicated by an asterisk). IADS =
International Affective Digitized Sounds; IAPS = International Affective Picture System.

outcome blocks; and the reward and no-reward blocks. Re-
gressors of noninterest included motion parameters (x, y or
z translations, and roll, pitch or yaw rotations); baseline,
linear and quadratic trends; and the average time series
from a mask of each participant’s ventricles (constructed
using FreeSurfer).®® We divided regression coefficients by
the baseline regressor to calculate percent signal change.
Finally, we applied a Gaussian filter with 4 mm full width
at half maximum.

ROI selection

We constructed a priori composite ROIs using subregions of
the Brainnetome atlas (atlas.brainnetome.org),” identical to
our previous test-retest reliability study of the AAC task.”
Decision-making included the amygdala, dACC, striatum
(combined dorsal caudate, ventral caudate and nucleus ac-
cumbens), and the left and right dIPFC (separated into left
and right to account for laterality effects). Affective outcomes

E314 J Psychiatry Neurosci 2022;47(5)



Striatal reactivity and approach-avoidance conflict in anxiety and depression

included the amygdala (separated
into left and right to account for
valence effects), dACC, striatum and
anterior insula. Reward feedback in-
cluded only the striatum. See
Figure 2 for a visualization of the
6 composite ROIs. We found previ-
ously that these composite ROIs were
robustly active and reliable during
AAC task performance.”

Statistical analyses

We conducted statistical analyses
using the R statistical package;* the
primary analyses were linear mixed-
effects models. We examined the
data for normality and identified in-
dividual outliers using a standard
deviation cut-off of + 3 standard de-
viations and Cook’s distance of 0.023
(R packages psych,®" Routliers® and
influence.ME®). Final sample sizes
and additional details for each analy-
sis are reported in corresponding
tables in Appendix 1. For each be-
havioural and ROI measure, we used
linear mixed-effects models to exam-
ine the fixed effects of AAC task trial
type (i.e.,, APP, AV, CONF2, CONF4,
CONF6; negative or positive; reward
or no reward) and group status (i.e.,
anxiety or depression or healthy
comparisons), including participant
as a random effect. All effects that
were significant at p < 0.05 are re-
ported. For the decision-making and
affective outcome task phases, findings that exceeded a
Bonferroni-corrected o threshold of p < 0.01 based on 5 ROIs
are denoted in the tables and figures.

Because the full anxiety or depression sample differed sig-
nificantly from healthy participants in terms of age and sex,
we included age and sex as covariates in the linear mixed-
effects models. We conducted a sensitivity analysis with an
anxiety or depression subsample (1 = 58) that was propensity-
matched for age and sex to healthy comparisons (1 = 58) as
an additional check to ensure that the findings in the un-
matched samples were not driven by differences in these
parameters (Appendix 1).

For ROI data analyses, we included approach behaviour as
a covariate to model its relationship with neural activity and
ensure that the effects of the other variables of interest (e.g.,
trial type and group) were not confounded by task behav-
iour. For decision-making, the approach behaviour covariate
was separated by individual trial type (i.e., APP, AV,
CONEF2, CONF4, CONFé6). For affective outcomes and re-
ward feedback, we averaged the approach behaviour covari-
ate across conflict trial types (i.e., CONF2, CONF4, CONF6).

Amygdala dACC

B LettaiPFc

Regions of interest

. Striatum
Anterior insula

B Right diPFC

Figure 2: Brainnetome composite regions of interest. We used 6 composite regions of interest
for primary analyses, constructed using the Brainnetome atlas.** We overlaid these regions of
interest on the MNI152_T1_2009c T,-weighted anatomic template brain (https://afni.nimh.nih.
gov/MNI_Atlas) in neurologic orientation (i.e., left is left). dACC = dorsal anterior cingulate cor-
tex; dIPFC = dorsolateral prefrontal cortex.

Adding approach behaviour as a covariate removed the need
for follow-up Pearson r correlations and allowed us to exam-
ine brain-behaviour relationships while controlling for age or
sex confounds. For each statistical model, we estimated the
effect sizes for significant findings using Cohen d, Pearson r
or .

We also conducted follow-up exploratory analyses to
examine disorder-specific differences by dividing the anx-
iety or depression group into 3 diagnostic subgroups: anxiety
only (n = 32), depression only (n = 25), and comorbid anx-
iety and depression (n = 61). We used linear mixed-effects
models as before, recoding the group effect into these 3 sub-
groups. We expected these models to have an unbalanced
design based on differences in the sex characteristics of
these diagnostic groups as reported in epidemiological
studies.* As before, we included age and sex as covariates,
and we added psychotropic medication usage as another
covariate. Raw data and analysis scripts for all statistical
analyses, along with whole-brain data, are publicly avail-
able in a data repository at https://osf.io/cdxqj/ (Open
Science Framework).
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Results Behavioural data

Demographic and clinical characteristics for the participant Approach behaviour

samples are reported in Table 1. Demographic and clinical Full results for this outcome appear in Appendix 1, Table S2.
characteristics of the anxiety or depression subgroups are re- We found no main effect of group on approach behaviour.
ported in Table 2. However, we did find a significant effect of trial type on

Table 1: Demographic and clinical characteristics, full sample (n = 176)

Adults with anxiety or Healthy
depression* participants®

Characteristic n=118 n=>58 p valuet
Age, yr 34.08 + 10.79 24.21 + 8.59 <0.001
Female 77.97% 62.07% 0.031
Race or ethnicity other than white 35.59% 37.93% 0.87
Education, yr 14.92 + 2.24 13.60 +2.20 <0.001
Anxiety onlyt 27.12% 0.00% —
Depression only 22.03% 0.00% —
Comorbid anxiety and depression 50.85% 0.00% —
PROMIS score

Anxiety 63.54 + 5.94 46.76 + 6.74 <0.001

Depression 59.34 + 6.83 43.89 + 6.23 < 0.001
Psychotropic medications§

None 69.50% 0.00% —

1 25.42% 0.00% —

2-3 5.08% 0.00% —
Substance use (past 30 days)

Cannabis 15.25% 11.54% 0.48

Alcohol 60.17% 62.07% 0.87

Tobacco 9.26% 517% 0.55

PROMIS = Patient-Reported Outcomes Measurement Information System.

*Values are mean =+ standard deviation or %.

TWe used independent-samples t tests for comparisons of continuous variables between groups, and Fisher’s exact tests for frequency comparisons
of categorical variables between groups.

FAnxiety disorder and related diagnoses included generalized anxiety disorder (n = 89), social anxiety disorder (n = 30), panic disorder (n = 10), post-
traumatic stress disorder (n = 6) and obsessive—compulsive disorder (n = 1).

§Psychotropic medications included escitalopram (n = 10), bupropion (n = 9), sertraline (n = 8), citalopram (n = 3), fluoxetine (n = 2), paroxetine (n = 2),
desvenlafaxine (n = 1), mirtazapine (n = 1), trazodone (n = 1) and lamotrigine (n = 1).

Table 2: Demographic and clinical characteristics, anxiety and depression subgroups (n = 118)

Comorbid anxiety

Anxiety only* Depression only* and depression* Significant pair-wise
Characteristic n=232 n=25 n =61 p value differences (p value)
Age, yr 34.72 + 11.32 34.36 + 11.18 33.62 + 10.50 0.89 —
Female 90.63% 52.00% 85.61% — Depression < anxiety = anxiety and
depression (p < 0.001)
Race or ethnicity other 28.13% 32.00% 40.98% — Depression = anxiety = anxiety and
than white depression (p > 0.22)
Education, yr 15.69 £ 2.24 14.00 £ 1.76 14.89 +2.30 0.017 Depression < anxiety (p = 0.003)
PROMIS score
Anxiety 63.37 + 4.95 57.16 +7.48 65.87 + 3.89 <0.001 Depression < anxiety = anxiety and
depression (p < 0.001)
Depression 54.04 + 5.81 61.32+7.13 61.45 + 5.68 <0.001 Anxiety < depression = anxiety and

depression (p < 0.001)

PROMIS = Patient-Reported Outcomes Measurement Information System.
*Values are mean + standard deviation or %.
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approach behaviour (p < 0.001, n? = 0.54): as expected, partici-
pants across groups exhibited the most approach behaviours
during APP trials, the fewest approach behaviours during AV
trials and moderate approach behaviours during CONF2,
CONF4 and CONFé6 trials, showing slight increases with
higher rewards. A significant group x trial type interaction (p =
0.020, n* = 0.003) revealed a reduced tendency toward avoid-
ance or approach among participants with anxiety or depres-
sion (i.e., lower response extremity). Follow-up analysis used
the absolute value of approach behaviour as an indicator of re-
sponse extremity and revealed a significant effect of group (p =
0.002, d = —0.31): we found a lower absolute value of approach
behaviour in participants with anxiety or depression relative to
healthy participants across trial types (Appendix 1, Table S2).
Age and sex covariates were not significant.

Reaction time

Full results for this outcome appear in Appendix 1, Table S2.
Reaction time analyses revealed significant effects of trial
type (p < 0.001, n? = 0.009): participants responded more
quickly during APP trials than in AV, CONF2 and CONF4
trials (p < 0.038). We found no differences between other trial
types. We found no main effect of group on reaction time,
and no group x trial type interaction. Age and sex covariates
were not significant.

Subgroup comparisons

We found no significant differences between diagnostic sub-
groups (anxiety only, depression only, and comorbid anxiety
and depression) on approach behaviour, absolute value of
approach behaviour or reaction time (Appendix 1, Table S3).

ROI data

Decision-making phase

Significant group effects are depicted in Figure 3, with trial-
type effects in Appendix 1, Figure S3 (full results in
Appendix 1, Table S4).

We found a main effect of group in the bilateral amygdala
(p = 0.023, d = -0.32), indicating blunted activation in partici-
pants with anxiety or depression compared to healthy par-
ticipants. We found significant trial-type effects in the dACC,
striatum, left dIPFC and right dIPFC (p < 0.042, n*> 0.02), but
no group x trial type interactions. Associations between
approach behaviour and neural activity during decision-
making were not significant for any of the 5 ROIs identified a
priori (p > 0.09). Given the group differences we identified in
the absolute value of approach behaviour, we reran linear
mixed-effects models for each ROI using absolute value of
approach behaviour as a covariate to examine for relation-
ships between neural activity and response extremity, but
none of the ROIs showed significant associations (p > 0.09).
Age and sex covariates were not significant.

Affective outcome and reward feedback phases

Significant group effects for ROI measures are depicted in
Figure 4, with trial-type effects in Appendix 1, Figure 54 (full
results in Appendix 1, Table S5).

During affective outcomes, the group effect was signifi-
cant in the striatum (p = 0.008, d = 0.31), reflecting increased
striatal activation for participants with anxiety or depres-
sion compared to healthy participants. We found significant
trial-type effects (p < 0.001, d > 0.47) in all 5 ROIs identified a
priori: negative outcomes showed increased activation com-
pared to positive outcomes. We found no group x trial type
interactions. Approach behaviour during conflict showed a
significant negative association (p < 0.007) with neural activ-
ity in the right amygdala (r = -0.18), dACC (r = -0.28), stria-
tum (r = —0.28) and anterior insula (r = —0.21). In the dACC
and striatum, the magnitude of this negative association
was significantly stronger for healthy participants than for
participants with anxiety or depression (p < 0.05). Scatter-
plots depicting these differential associations (AACC, stria-
tum) are provided in Figure 5, and scatterplots for the re-
maining associations that were similar across groups (right
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Participants with Healthy
anxiety or depression participants

Figure 3: Decision-making group effect for the bilateral amygdala
region of interest. Bar graphs depict percent signal change esti-
mated marginal means (error bars depict + 1 standard error) for a
significant group effect for the bilateral amygdala in the decision-
making phase (p = 0.023; d = -0.32); *p < 0.05. Compared to
healthy participants, participants with anxiety or depression showed
blunted activation of the amygdala during decision-making, regard-
less of the presence of conflict. We observed no significant
group x trial type interaction. This amygdala blunting effect in par-
ticipants with anxiety or depression was consistent across each
decision-making trial type. APP = approach-reward trial; AV =
avoid—threat trial;, CONF2 = conflict trial with a 2-cent reward;
CONF4 = conflict trial with a 4-cent reward; CONF6 = conflict trial
with a 6-cent reward.
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Figure 4: Affective outcomes and reward feedback group effects for the striatum region of interest. Bar graphs depict percent signal change
estimated marginal means (error bars depict + 1 standard error) for significant group effects for the striatum during affective outcomes and re-
ward feedback; *p < 0.05, **p < 0.01. Compared to healthy participants, participants with anxiety or depression showed increased activation of
the striatum during affective outcomes, regardless of valence (p = 0.008, d = 0.31), and decreased activation of the striatum during reward

feedback, regardless of reward presence (p = 0.046, d = -0.27).

amygdala, anterior insula) are depicted in Appendix 1,
Figure S5.

Follow-up linear mixed-effects models using the absolute
value of approach behaviour as a covariate showed a signifi-
cant negative association with activity in the striatum (p =
0.017, r = =0.16) but not for any other ROIs (p > 0.41). The
magnitude of this association did not differ between partici-
pants with anxiety or depression and healthy participants
(p = 0.31); the scatterplot is shown in Appendix 1, Figure S3.
Age was a significant covariate for the right amygdala (p =
0.01, r = -0.17): younger participants showed more neural
activation for affective outcomes. The age covariate was not
significant for the remaining ROIs, and the sex covariate was
not significant for any ROL

During the reward feedback phase, the group effect was sig-
nificant in the striatum (p = 0.046; d = —0.27), this time reflect-
ing decreased activation for patients with anxiety or depres-
sion. We found no significant trial-type effect or group x trial
type interaction. Approach behaviour during conflict showed
a significant positive association with activity in the striatum
during the reward phase (p < 0.001, r = 0.27). The magnitude of
this positive association did not differ significantly between

participants with anxiety or depression and healthy partici-
pants (p = 0.51). The scatterplot depicting this association is
shown in Appendix 1, Figure S3. A follow-up linear mixed-
effects model using the absolute value of approach behaviour
as a covariate showed no significant association with activity
in the striatum during reward feedback (p = 0.06). Age and sex
covariates were not significant.

Subgroup comparisons

The diagnostic subgroups (anxiety only, depression only and
comorbid anxiety and depression) showed no differences in
activation during decision-making, affective outcomes or re-
ward feedback (Appendix 1, Tables S6 and S7).

Discussion

The current study examined the hypothesis that people with
anxiety or depression show altered behavioural performance
and neural activation during an AAC decision-making
task!®? completed during fMRI. We had 3 main results. First,
behavioural analyses found a group difference for response
extremity: participants with anxiety or depression exhibited
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Figure 5: Group differences for negative associations between activation and approach behaviour. Scatterplots depict the linear relationships
between approach behaviour during conflict decision-making trials (i.e., CONF2, CONF4 and CONF6) and percent signal change in the dACC
or striatum; the line of best fit for each group is plotted with + 1 standard error. Approach behaviour during conflict decision-making trials was
inversely associated with neural activation in the dACC and striatum during affective outcomes. The magnitude of the association was signifi-
cantly stronger for healthy participants than for participants with anxiety or depression in the dACC (p = 0.018) and the striatum (p = 0.049).
CONF2 = conflict trial with a 2-cent reward; CONF4 = conflict trial with a 4-cent reward; CONF6 = conflict trial with a 6-cent reward; dACC =

dorsal anterior cingulate cortex.

lower absolute values of approach behaviour than healthy
participants. Second, analyses of fMRI data revealed that par-
ticipants with anxiety or depression showed differences in
striatal activation during affective outcomes (increased for
anxiety or depression) and reward feedback (decreased
for anxiety or depression). Participants with anxiety or de-
pression also showed blunted activation of the amygdala
during decision-making. Third, participants with greater
striatal reactivity during affective outcomes showed less ap-
proach behaviour during conflict. In contrast, those with
greater striatal reactivity during reward feedback exhibited
more approach behaviour during conflict. Taken together,
these findings support the hypothesis that people with anx-
iety or depression show altered neural activation during
AAC, specifically in salience regions such as the striatum and
the amygdala. Further, striatal responses that occur during
emotion and reward inform decision-making during conflict.

Perhaps the most impactful and novel results were those
found in the striatum, which related to anxiety or depression
and approach behaviour during conflict decision-making.
These striatal group differences suggest that AAC decision-
making in participants with anxiety or depression compared
with healthy participants might be affected more by stimuli
with immediate, inherent affective salience (e.g., negative or
positive stimuli) than by abstract reward goals (e.g., winning

money). Furthermore, brain-behaviour associations sug-
gested that difficulty disengaging the striatum during affec-
tive outcomes was linked to more avoidance behaviour
(stronger association for healthy participants than for partici-
pants with anxiety or depression) and less response extrem-
ity; heightened engagement during reward feedback was
linked to more approach behaviour.

These results were in some ways consistent with many
previous studies using fMRI and event-related potentials that
reported blunted striatal reactivity to reward in depres-
sion.”>" They were also consistent with a more limited num-
ber of studies that reported similar findings for people with
anxiety disorders.”*% However, given the complementary
role of the striatum in updating behavioural strategies by in-
corporating new information,®®? a weaker link between the
brain and behaviour during affective outcomes for partici-
pants with anxiety or depression (compared to healthy par-
ticipants) could indicate that these people were less effective
in updating their behavioural strategy based on emotionally
salient information. Overall, these novel results suggest that
the striatum plays a crucial role in AAC decision-making.

Examinations of neural activations during the decision-
making task phase demonstrated that participants with
anxiety or depression showed blunting effect in the amyg-
dala. This effect was unexpected given previous work using
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animal models, which has shown threat-related increases in
amygdala activity during conflict tasks.”” One possible in-
terpretation of the present findings is that they indicate a
compensatory inhibition of affective salience during AAC
decision-making, which could explain why we observed
similar approach behaviour across groups. However, activ-
ity in the amygdala was not directly associated with ap-
proach behaviour, so our interpretation remains unclear.
The influence of anxiety and depression on the activation of
the amygdala during decision-making in humans is likely
complex and process-specific, warranting further investiga-
tion. As well, we have not previously identified increased
activation of the anterior hippocampus during conflict in
this task,??” although other AAC tasks have.’*?'%* There-
fore, we did not include the hippocampus as an ROI in the
current analysis. Further work is needed to better under-
stand the task contexts and parameters that are most sensi-
tive to hippocampal involvement.

Regarding behavioural group differences, participants
with anxiety or depression were characterized by lower
absolute values of approach behaviour (i.e., less extreme
approach-avoidance behaviour). This finding suggests
that people with anxiety or depression might be more
likely to respond to conflict with uncertainty, and it might
relate to results from previous work that used an active in-
ference modelling approach in a large transdiagnostic
sample who completed the same AAC task behaviourally
without neuroimaging.®* That study reported that partici-
pants with anxiety or depression and participants with
substance use disorder had higher values on a “decision
uncertainty” parameter, and that those findings were con-
sistent across time.* The current study was focused on
a priori hypotheses with predefined ROIs and task condi-
tions; future exploratory work using a computational ap-
proach with our AAC task could have utility in refining
spatiotemporal brain-behaviour relationships during AAC
decision-making.

We found no differences between participants with anxiety
and depression, consistent with previous task-based fMRI
studies®® but not with other resting-state fMRI studies,
which have indicated neural differences between anxiety and
depression.®*” These findings support a transdiagnostic ap-
proach for studying AAC in anxiety and depression to fur-
ther examine the independent and shared effects of anxiety
and depression on neural activity.

Limitations

The current study had several limitations to consider. First,
although a transdiagnostic sample might be a strength in
terms of clinical utility for biomarker discovery,®®® it also
limits the ability to detect subtle differences between specific
anxiety disorders. In addition, our cross-sectional, observa-
tional approach did not allow for causal inference.””! Finally,
only 36% of the participants in the current study were from a
racial or ethnic group other than white; future studies should
recruit samples with greater representation across diverse
racial or ethnic groups.”

Conclusion

The current study demonstrates blunted activity in the
amygdala during decision-making and aberrant striatal re-
activity in participants with anxiety and depression during
the emotion and reward phases of our AAC task. Further-
more, striatal reactivity during emotion and reward tracked
with approach behaviour during conflict. These results
highlight the striatum as a potential treatment target to
directly influence approach behaviour, with implications
for future work examining neural mechanisms of change in
response to established mental health treatments or to in-
form novel treatment strategies.
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