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ABSTRACT

BACKGROUND: Maladaptive approach-avoidance behavior has been implicated in the pathophysiology of major
depressive disorder (MDD), but the neural basis of these abnormalities in decision making remains unclear.
Capitalizing on recent preclinical findings, we adapted an approach-avoidance conflict task from nonhuman
primate research for use in human functional magnetic resonance imaging (fMRI).

METHODS: Forty-two female participants, including 18 unmedicated individuals with current MDD (mean age 25.2 +
5.1 years) and 24 psychiatrically healthy control subjects (mean age 26.3 = 7.6 years) completed the adapted approach-
avoidance task during fMRI. To probe potential mechanistic factors underlying the observed behavioral and fMRI
findings and to inform interpretation of putative group differences, we examined electrophysiological data from 2
female Macaca mulatta monkeys performing the approach-avoidance conflict task mimicked in the fMRI study.
RESULTS: Findings demonstrated congruent neural correlates of approach-avoidance conflict and aversive
responsiveness in the anterior cingulate cortex, including the pregenual cortex, of human subjects and macaques
(humans: p < .05 whole-brain corrected; macaques: p < .05). The MDD group exhibited aberrant task-related
activations in the anterior cingulate cortex, prefrontal cortex, and striatum (all ps < .05). Neural effects in the MDD
group were cross-sectionally associated with stress and depressive symptoms. Importantly, they also
prospectively predicted stress at 6-month follow-up (all ps < .05).

CONCLUSIONS: Findings indicate that there is conservation of anterior cingulate activation across species and that
frontal and striatal regions, in unmedicated humans with MDD, are abnormally responsive during cost-benefit
decision making. We suggest that these disruptions could be valuable candidates for translational biomarkers.
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Major depressive disorder (MDD) is a complex condition char-
acterized by multiple abnormalities, including blunted approach
and increased avoidance behavior. Decreased approach
behavior predicts future depression (1,2), poor treatment out-
comes (3-5), and chronicity (6). Similarly, heightened avoidance
contributes to the initiation, maintenance, and relapse of MDD
(7-13). Despite these findings, little is known about neural
mechanisms underlying maladaptive approach-avoidance (Ap-
Av) decision making in MDD. Most prior studies focused on
approach and avoidance separately; yet, in daily life, decisions
are made in conflict situations by balancing rewarding and
aversive outcomes. Moreover, prior human studies used para-
digms with few correlates in animals. Therefore, developing
cross-species comparisons could be important for under-
standing mechanisms linked to MDD (14-16) and to potentially
reduce current setbacks in drug discovery in clinical neurosci-
ence (17). As afirst step, we adapted a nonhuman primate (NHP)
Ap-Av conflict paradigm (14) for humans. By ensuring functional
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equivalency between human and NHP tasks, our goal was to
evaluate with more precision mechanisms implicated in dysre-
gulated Ap-Av behaviors in MDD.

In preclinical studies, Ap-Av decision making is instantiated
by a cortico-striato-limbic network (16). In rodents, Ap-Av
paradigms recruit the striatum, medial prefrontal cortex
(MPFC), hippocampus, and amygdala (16,18-21). Notably,
aberrant approach behavior emerged in rodents when the
MPFC was disconnected from the striatum (20). Chronic stress
increased this nonoptimal behavior, as did optogenetic
manipulation of the MPFC-striatal pathway, providing causal
evidence that an intrastriatal circuit engaged by the MPFC
underlies neural processing of Ap-Av decisions (21).

Studies in NHPs complement these findings by highlighting
dissociable roles for the dorsolateral prefrontal cortex (DLPFC)
and pregenual anterior cingulate cortex (pACC) in Ap-Av
behavior, with the pACC preferentially encoding reward and
aversiveness, and the DLPFC preferentially encoding low
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motivation (14,22). In particular, the pACC and striatum have
emerged as key regions for avoidance-related neural activity in
NHPs. Specifically, microstimulation in the pACC and the
caudate nucleus can increase avoidance, and these effects are
blocked by the anxiolytic diazepam (14,23).

In humans, Ap-Av functional magnetic resonance imaging
(fMRI) paradigms uncovered conflict-related activation in the
pACC, dorsal ACC (dACC), caudate, DLPFC, and insula
(15,24-27), and stimulation of the subthalamic nucleus (STN)
enhanced avoidance (28). Here, we tested individuals with MDD
and healthy control subjects as they were presented with stimuli
identical to those used in macaques, which simultaneously, but
independently, indicated varied levels of rewarding and aversive
outcomes. This protocol created multiple combinations of
rewarding and aversive offers and thus multiple levels of conflict.
We compared fMRI findings with electrophysiological data ac-
quired in NHPs from regions shown to be implicated in MDD
(PACC, DLPFC, striatum). To our knowledge, our study is the
first to adapt task design, modeling, and data analysis from a
microstimulation-electrophysiological study in NHPs to probe
neural circuitry underlying Ap-Av behaviors in MDD. We hy-
pothesize that compared with healthy control subjects, partici-
pants with MDD would show reduced activation associated with
reward (striatum) and conflict resolution (ACC) but increased
activation associated with aversiveness (STN, amygdala). We
further hypothesized that these neural abnormalities would
correlate with current and future symptoms.

METHODS AND MATERIALS

Human Participants

Twenty-one unmedicated female adults with current MDD
(MDD group; mean age 25.2 + 5.1 years) and 35 psychiatri-
cally healthy control female adults (HC group; mean age: 26.3
+ 7.6 years) participated after providing written informed
consent to a protocol approved by the Partners Human
Research Committee. For details, see the Supplement.

Procedures

After screening, participants underwent an imaging session,
during which they performed a computerized Ap-Av task. After
the scan, they rated stimuli for their valence and arousal. Six
months later, participants completed a follow-up clinical ses-
sion and repeated the self-report questionnaires.

Human Task

The human Ap-Av task (Figure 1A) was adapted from a prior
NHP study (14) (Supplement). In each trial, participants had to
decide (using a joystick) whether to approach or avoid an
offer. Approach decisions led not only to the receipt of a
reward (points), but also to presentation of an aversive picture
with a matching aversive sound; avoidance decisions led to
no reward and presentation of a neutral picture. The lengths of
2 parametrically varied, horizontal bars denoted the size of the
offered reward points and aversiveness of the outcome pic-
ture, respectively. The task included 105 trials: 1) approach-
reward trials (only reward outcomes; n = 15), 2) avoid-threat
trials (only aversive outcomes; n = 15), and 3) conflict trials
(a combination of reward and aversive outcome; n = 75).
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Behavioral Data Analysis in Humans

To quantify the influence of reward and aversiveness on
choosing to approach or avoid offers, we estimated Bayesian
hierarchical logistic regression models using the brms package
(29) in R, version 3.3.2 (R Foundation for Statistical Computing,
Vienna, Austria). We compared models with different trans-
formations of offered reward and aversiveness using the leave-
one-out cross-validation method (30). All models were run as
hierarchical models simultaneously estimating individual and
group parameters. We report effects of MDD on parameters as
credibly different when more than 95% of the posterior distri-
bution is above/below zero.

Human fMRI Data Acquisition, Preprocessing, and
Analysis

Data acquisition and preprocessing details are provided in the
Supplement. The first-level general linear model included 5
regressors (offered choice presentation onsets for approach-
reward decisions, avoid-threat decisions, conflict-approach
decisions, conflict-avoidance decisions, and feedback). Pre-
sentation onsets were also parametrically modulated by trial-
by-trial offered reward and aversiveness, and convolved with
a hemodynamic response function. For whole-brain analyses,
conditions were contrasted to examine 1) approach versus
avoidance, averaged across conflict conditions to examine
approach or avoidance regardless of conflict, and 2) conflict-
approach versus approach-reward to examine the effect of
conflict without the potential confound of avoidance activation.
For region-of-interest (ROI) analyses, mean activation was
extracted from 8 a priori ROIs: bilateral ROIs for the DLPFC
(Figure 2A), STN (Figure 2C), NAc (Figure 3A), insula, amyg-
dala, and caudate and single ROlIs for the pACC (Figure 2B)
and dACC. These values were entered in a mixed-effects linear
regression with a between-subjects factor of group (MDD, HC)
and within-subjects factors of choice (approach, avoid), con-
flict (conflict, nonconflict), and, for bilateral ROls, laterality (left,
right). All significant regression interactions were followed up
with t tests (2-tailed) to examine group differences in
approach/avoid and conflict/nonconflict. Effect sizes were
estimated using Cohen’s d. Degrees of freedom differ across
contrasts because of bilateral versus unilateral ROls, outlier
exclusions, and use of the Satterthwaite approximation, which
considers random effects in mixed-effects models.

Animal Subjects and Procedure

We studied 2 female Macaca mulatta monkeys (monkey A: 7
years of age, 6.8 kg; monkey S: 6 years of age, 7.5 kg) in ex-
periments conducted following the Guide for Care and Use of
Laboratory Animals of U.S. National Research Council. All
procedures were approved by the Committee on Animal Care
of the Massachusetts Institute of Technology. Monkeys were
trained to perform an Ap-Av task previously described
(14,22,28). For details, see the Supplement.

NHP Ap-Av Task

As in the human version, in each trial, the monkey had to
decide whether to approach or avoid an offer and to indicate
her decision by moving a joystick that guided a cursor on a
screen (Figure 1C). Two red and yellow horizontal bars
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Figure 1. Approach vs. avoidance: task and
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appeared on the screen after a 2-second precue period. The
lengths of 2 horizontal bars, which were parametrically varied,
denoted the offered amount of food reward (red) and the
offered pressure of an aversive air puff directed at the mon-
key’s face (yellow). After the 1.5-second cue period, two tar-
gets appeared above and below the bars. If the monkey chose
the cross target (approach choice), an air puff and food were
given at the indicated amounts. When the monkey chose the
square target (avoid choice), no air puff was given, but a
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minimal reward was delivered to maintain motivation to
perform the task. Target locations were randomly varied.

Neuronal Recording and Analysis in Macaques

Monkey A had an initial 36 electrodes implanted in neocortical
targets (DLPFC: n = 24; ACC: n = 12), followed by 42 elec-
trodes implanted in a separate session (DLPFC: n = 18; ACC:
n = 24). Monkey S had 12 electrodes first implanted into the
ACC, and then, in a separate session, had 30 electrodes
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Figure 2. Approach vs. avoidance: functional magnetic resonance imaging (MRI) findings. Differences between the major depressive disorder (MDD) and
healthy control (HC) groups as well as Pearson correlations between approach- or avoidance-related activation and clinical symptoms are shown for 3 regions
of interest: (A) bilateral dorsolateral prefrontal cortex (DLPFC), (B) pregenual anterior cingulate cortex (pACC) [based on a 10-mm sphere placed on coordinates
from a meta-analysis (54)], and (C) bilateral subthalamic nucleus (STN). (D, E) Thresholded statistical map showing increased activation for avoidance vs.
approach trials in the (D) medial PFC (MPFC) (superior medial gyrus, superior frontal gyrus) and pACC/dorsal ACC and (E) bilateral inferior frontal gyrus (IFG)
(see Supplemental Figure S3 for plots and correlations for left IFG). In all these regions, among the MDD group, reduced avoidance-related activation was
associated with greater severity of clinician-rated depression (Hamilton Depression Rating Scale [HAM-D]) at screening and higher levels of perceived stress at
follow-up. Note: Whole-brain correction performed using a voxel height threshold of p < .001 and a cluster correction threshold of p < .05 (familywise error).
Region-of-interest analyses performed using mixed-effects linear regression with a p threshold of .05 (uncorrected). All follow-up correlations remain significant
when controlling for baseline measures with hierarchical regression. See Supplement for full statistics. *p < .05. PSS, Perceived Stress Scale.

implanted (DLPFC: n = 12; ACC: n = 18). The DLPFC region
targeted corresponded to Walker’'s area 46 (31). The ACC
consisted of the dACC (areas 8 and 9) and pACC (areas 24 and
32) (32). Data were classified into single-unit activities using
Offline Sorter, version 3 (Plexon Inc., Dallas, TX) and analyzed
using MATLAB R2018 (The MathWorks, Inc., Natick, MA). To
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model parametrically the monkey’s choice pattern, we adopted
the econometric conditional logit model (33,34) to infer sub-
jective internal variables. To examine decision-related activity,
we analyzed spike activity during the cue period, during which
the monkeys had to make a decision, but they did not yet know
the direction of joy stick movement required to approach or
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Figure 3. Conflict vs. nonconflict: functional magnetic resonance imaging (MRI) findings. Differences between the major depressive disorder (MDD) and
healthy control (HC) groups as well as Pearson correlations between conflict- or non-conflict-related activation and clinical symptoms are shown for 2 regions of
interest: (A) bilateral nucleus accumbens (NAc) and (B) bilateral dorsolateral prefrontal cortex (DLPFC). (C) Thresholded statistical map showing increased
activation across all participants for conflict-approach vs. approach-reward trials in the pregenual anterior cingulate cortex (pACC)/dorsal ACC and caudate
nucleus (CN). Mean activation extracted and plotted for the cluster shown in panel (C). In the MDD group, reduced conflict-related activation was associated with
increased severity of clinician-rated depression (Hamilton Depression Rating Scale [HAM-D]) at screening. Note: Whole-brain correction performed using a voxel
height threshold of p < .001 and a cluster correction threshold of p = .05 (familywise error). Region-of-interest analyses performed using mixed-effects linear
regression with a p threshold of .05 (uncorrected). All follow-up correlations remain significant when controlling for baseline measures with hierarchical regression.
**p < .001. See Supplement for full statistics. MASQ-AD, Mood and Anxiety Symptom Questionnaire-Anhedonic Depression; PSS, Perceived Stress Scale.

avoid the offer. To decode neuronal activity during the Ap-Av
task, we performed stepwise regression using MATLAB with
explanatory variables and added parameters derived from
theoretical modeling. Details of neuronal recording, modeling,
and statistical analyses are in the Supplement.

RESULTS

Human Study

Reduced Reward Sensitivity in MDD. Hierarchical
Bayesian regression showed that reaction times were signifi-
cantly increased by conflict (8 = 0.21; 95% confidence interval
[Cl], 0.14-0.28) and avoidance (B = 0.14; 95% Cl, 0.07-0.21),
indicating that the task elicited the expected effects. To
investigate the impact of reward and aversiveness on Ap-Av
behavior, we compared multiple Bayesian hierarchical logistic
regression models. The models differed in the transformations

Biological Psychiatry March 1, 2020; 87:399-408 www.sobp.org/journal

of reward and aversiveness used to capture observed
approach and avoidance (see Supplemental Table S3). The
model that best accounted for choice patterns modeled choice
(approach = 1, avoid = 0) on trial t dependent on a logarithmic
transformation of the value of offered reward, a direct linear
mapping of the value of the offered aversiveness, and a
dummy-coded variable for whether offered reward was zero
(Dnoreward = 1) or not (Dnoreward = 0):

choice; ~ Bitercept +10g(rewards) * Breyarg + averset * Bayerse
+ Dnoreward; * Banoreward

The analysis confirmed that higher offered reward increased
probability to approach (8eperq,, = 4.90; 95% Cl, 3.79-6.14;
Brewardyp, = 3-53; 95% Cl, 2.38-4.88), whereas stronger aver-
siveness increased probability to avoid (8,,e/se,. = —2.16; 95%
Cl, —2.83 to —1.51, Baemey, = —1.88; 95% Cl, —2.62
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Figure 4. Properties of conflict units. (A, B) Pop-
ulation activity of (A) entropy (Ep+) and (B) standard
deviation (Sd+) neurons. (C) Proportion of conflict
neurons among all classified neurons in the anterior
cingulate cortex (ACC) (cortical areas 8, 24, 32) and
bilateral dorsolateral prefrontal cortex (DLPFC)
(mainly area 46). We observed conflict units more
frequently in the ACC than in the DLPFC (*p < .01,
Fisher’s exact test). (D) Distribution of conflict units
(Ep+ and Sd+). The size of black and gray circles
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to —1.12). The model identified a credible effect of sensitivity to
reward across groups: individuals with MDD were less sensi-
tive to reward than healthy control subjects (0[8ewardyp, <
Brewara,c] = -05). None of the other coefficients differed between
groups (Figure 1B).

Imaging Results

Complete tables of imaging in

Supplemental Tables S4 and S5.

results are presented

Aberrant Ap-Av Activation in MDD Is Related to
Clinical Symptoms and Stress. When considering
approach versus avoidance (i.e., averaged across conflict
conditions), relative to the HC group, the MDD group showed
reduced approach-related activation in the DLPFC (t;56 = 3.54,

A

B
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p < .001, d = —0.55) (Figure 2A) and reduced avoidance-related
pACC activation (t;9 = 2.24, p = .03, d = —0.46) (Figure 2B).
Moreover, within-group analyses revealed that the MDD group
showed increased avoidance-related STN activation compared
with approach-related STN activation (t133 = —2.06, p =.04,d =
0.35) (Figure 2C). In the MDD group, reduced approach-related
DLPFC activation correlated with higher perceived stress
(Perceived Stress Scale) (r = —.57, p = .04).
Whole-brain—corrected analyses across all participants
demonstrated avoidance-related activation in 3 clusters: one
cluster in the MPFC and pACC/dACC (p < .001, whole-brain
corrected) (Figure 2D) and bilateral clusters in the inferior fron-
tal gyrus (IFG) (ps < .01, whole-brain corrected) (Figure 2E). In
the MDD group, decreasing levels of avoidance-related activa-
tion in these regions were associated with increased baseline
depressive symptoms (Hamilton Depression Rating Scale) and

Figure 5. Properties of aversiveness neurons.
(A, B) Population activity of (A) aversiveness (Ave+)
and (B) chosen aversiveness (ChA+) neurons. (C)
Proportion of aversiveness neurons among all clas-
sified neurons in the anterior cingulate cortex (ACC)
and bilateral dorsolateral prefrontal cortex (DLPFC).
We observed aversiveness neurons in the ACC
significantly more frequently than in the DLPFC (‘p <
.05, Fisher's exact test). (D) Distribution of aver-
siveness neurons (Ave+ and ChA+). The size of red
and gray circles indicates the number of aversive-
ness and task-related neurons at each location,
respectively. Black stars on red circles indicate the
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average (o < .05, Fisher’s exact test). Note: Units

area 329 46

(X ]
0003

AP26-28 AP29-31 AP32-34

404

classified with activity correlated positively (+) with
offered aversiveness and chosen aversiveness. AP,
anterior-posterior; AS, arcuate sulcus; CS, cingulate
sulcus; PS, principal sulcus.

AP35-37
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higher perceived stress at follow-up (ps < .03). Thus, ROl and
whole-brain analyses implicated different parts of the ACC (ROI
and whole-brain cluster not overlapping) in avoidance behavior,
and reduced ACC activation was associated with depressive
symptoms and perceived stress.

Aberrant Conflict-Related Activation in MDD Is
Associated With Clinical Symptoms and Stress. We
next probed the effect of conflict by comparing conflict trials (i.e.,
trials with a combination of reward and aversive offers) and non-
conflict trials (i.e., approach-reward or avoid-threat trials).
Compared with the HC group, the MDD group showed reduced
NAc (t143=4.16,p < .001,d = —0.66) (Figure 3A) and DLPFC (t55 =
3.62, p < .001, d = —0.56) (Figure 3B) activation during nonconflict
trials. In the MDD group, decreasing nonconflict DLPFC activation
was associated with higher baseline anhedonia (Mood and Anxiety
Symptom Questionnaire-Anhedonic Depression) (r= —.54,p =.04)
and perceived stress at MRI (r = —.54, p = .05). Thus, in ROI ana-
lyses, the MDD group showed no differentiation between conflict
and nonconflict activations, and decreased DLPFC activation was
associated with anhedonia and perceived stress.

Approached conflict was examined by contrasting
conflict-approach and approach-reward trials. Using whole-brain—
corrected statistics across all participants, we found conflict-
related activation in the pACC/dACC and caudate (p < .001,
whole-brain corrected) (Figure 3C). In MDD, decreasing conflict-
related activation was associated with greater baseline depres-
sion severity (r = —.57, p = .02). Thus, whole-brain—corrected
analysis implicated the ACC in conflict monitoring, and aberrant
conflict-related activation was associated with depressive
symptoms.

Aversiveness Is Tracked by the Human ACC. Using
parametric modulation of all approached offers, we found no
group differences in how aversiveness modulated activation in
the Ap-Av task (ps > .05). However, across all participants (n =
42), we identified whole-brain—corrected clusters tracking trial-
by-trial aversiveness in approach trials in a large cluster in the
orbital gyrus, pACC, and dACC and in another cluster in the
right IFG and insula (IFG/insula) (ps < .001, whole-brain cor-
rected) (Supplemental Figure S4). These clusters did not sur-
vive correction for multiple comparisons in a model comparing
reward and aversiveness, and no correlations with clinical
measures emerged.

NHP Study

The goal of the NHP analyses was to address two hypotheses
pertinent to the human ACC findings to inform MDD-HC group
findings: first, whether the ACC of NHPs contained neurons
specifically responding to conflict; and second, whether the
ACC contained neurons exhibiting activation related to aver-
siveness. The data analyzed here were not previously pub-
lished, except as noted. Most of the methods have been fully
described (14,22); accordingly, we describe newly introduced
analysis but only summarize other methodology. In total, we
isolated 3109 neocortical units from the bilateral DLPFC
(mainly cortical area 46) and ACC (areas 8, 9, 24, and 32) of the
2 monkeys, and we classified the units using stepwise
regression of 11 explanatory variables (Supplement).
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Conflict Activation in the NHP ACC. Our human fMRI
findings showed activation of the pACC/dACC and caudate
associated with conflict in approach decisions (Figure 3C). We
thus tested whether the ACC of NHPs contained neurons
parametrically responding to conflict. The conflict units consist
of 2 groups of units encoding decision-making conflict. We
defined the entropy units as those with cue-period activity
showing a positive correlation with entropy (Figure 4A) and
defined standard deviation units as those with cue-period ac-
tivity showing a positive correlation with the standard deviation
of the Ap-Av choices (Figure 4B). Previous NHP studies have not
reported units responding to behavioral conflict in the dACC
(35,36) but have reported units responding to behavioral conflict
in the DLPFC (37). We thus compared the proportions of the Ap-
Av conflict neurons in the ACC and DLPFC. These conflict units
were observed significantly more frequently in the ACC than in
the DLPFC (p < .05) (Figure 4C), suggesting that the ACC
contained units with decision-period activity responding spe-
cifically for Ap-Av conflict. The distribution of these conflict units
was not limited to the pACC (area 32) and was also observedin a
broader region including the dACC (area 9) (Figure 4D), resem-
bling conflict activation of the human pACC/dACC (Figure 3C).
The observation of NHP single-unit activity specifically
responding to Ap-Av conflict is important, given prior negative
results for conflict-specific neuronal responses in the ACC
(85-37). Our results clearly show similar neural pACC/dACC
responding in humans and NHPs, suggesting a common
neuronal mechanism of ACC response to Ap-Av conflict.

Aversiveness Is Tracked by the NHP ACC. The human
fMRI data indicate greater activation in the pACC and sur-
rounding regions for the degree of aversiveness of the offer
(Supplemental Figure S4). We thus tested whether neuronal
activity in the macaques exhibited a similar regional bias.
Units encoding aversiveness consisted of 2 groups encoding
potential and chosen aversiveness. We defined aversiveness
units as those with cue-period activity exhibiting positive
correlation with the offered air puff (Figure 5A) and chosen
aversiveness units as those with cue-period activity showing
positive correlation with the size of the air puff to be delivered
as a result of the monkey’s decision (Figure 5B). These
aversiveness units were observed significantly more
frequently in the ACC than in the DLPFC (p < .05) (Figure 5C).
Although these units were found in both the dorsal and
ventral banks of the cingulate sulcus, the proportion of the
aversiveness units to the task-related units was significantly
larger than the average, specifically in the pACC (area 32 or
24) (Figure 5D). These spatial biases in aversiveness unit
distribution thus corresponded to the human fMRI data
demonstrating pACC activation for aversiveness.

DISCUSSION

Cross-species models of Ap-Av conflict should be valuable in
providing mechanistic information for translational research. For
technical reasons, such studies have been lacking. Here, we
designed a coordinated study in humans and NHPs with similar
experimetal protocols in an effort to use the NHP findings to
inform interpretation of putative differences in neural activity
observed through fMRI of individuals with MDD. Relative to
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healthy control subjects, unmedicated participants with MDD
exhibited reduced 1) reward sensitivity, 2) ventral striatal and
DLPFC activation in nonconflict trials, 3) approach-related
DLPFC, and 4) avoidance-related pACC activation. Moreover,
unlike healthy control subjects, individuals with MDD showed
larger STN activation during avoidance than during approach.
These patterns were bolstered by 2 additional sets of findings.
First, neural abnormalities during the Ap-Av task were correlated
with current stress appraisal and depressive symptoms and
predicted stress appraisal 6 months later. Second, across spe-
cies, conflict and aversiveness were associated with activation in
regions of the ACC, validating targets emerging from fMRI ana-
lyses. Collectively, findings point to network-level alterations
highlighting dysregulation in complex interactions between
reward valuation, cost-benefit integration, and conflict resolution.

Aberrant Reward Sensitivity and Avoidance
Signaling in MDD

Individuals with MDD were less sensitive to reward than
healthy control subjects. In addition, relative to healthy control
subjects, individuals with MDD exhibited reduced pACC acti-
vation during avoidance (Figure 2B), suggesting a reduction in
normative avoidance activation. Given literature highlighting
maladaptive avoidance in MDD (10,13), we speculate that the
pACC abnormality might reflect a more automatic (lacking
cost-benefit integration) avoidance decision-making style in
MDD, potentially reflecting the lack of behavioral sensitivity to
reward driving less need for conflict resolution. This hypothesis
suggests that maladaptive avoidance in MDD might be linked
to abnormalities within network circuitry including regions
examined here, the neocortex, the striatum, and the STN. In
accord with this speculation, the MDD group showed relatively
increased STN activation during avoid decisions (Figure 2C).
The STN is proposed to raise decision thresholds in cortico-
basal ganglia circuits to prevent approach responses (38),
which might be accentuated in MDD. Bilateral STN stimulation
induces immobility in the forced swim test in rats (39) and in-
creases avoidance (28) and depressive symptoms (40) in
humans.

As hypothesized, and confirming cross-species participa-
tion of the ACC and ventrolateral PFC in avoidance behavior
and conditioned fear (14,20,22,41-43), whole-brain analyses
demonstrated avoidance-related activation in the MPFC/
pACC/dACC and bilateral IFG. In individuals with MDD,
reduced avoidance-related activation correlated with depres-
sion severity (Figure 2D) and predicted higher levels of
perceived stress 6 months later. These findings draw parallels
to studies in rodent Ap-Av behavior implicating the MPFC-
striatal circuit in aberrant valuation of rewards and punish-
ments, demonstrating similar effects of chronic stress and
optogenetic inhibition of the medial prefronto-striosomal cir-
cuit (20,21). In prior analyses of our NHP sample, stimulation of
the pACC increased avoidance decisions, and administration
of diazepam blocked this effect (14). Future work would benefit
from administration of diazepam in humans.

Blunted DLPFC and NAc Activation in MDD

The DLPFC has been implicated in approach and anticipation of
aversiveness in low-conflict decisions (left DLPFC) (24,44) and
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avoidance and high-conflict decisions (right DLPFC) (15,45).
Electroencephalographic research has linked these asymme-
tries to MDD (46), but this relationship has not consistently
emerged with fMRI. No evidence of laterality emerged, but
findings extend earlier reports by showing that MDD is char-
acterized by reduced bilateral DLPFC approach-related activa-
tion (Figure 2A). Additionally, MDD was associated with reduced
DLPFC activation during nonconflict trials (Figure 3B), and
blunted DLPFC activation correlated with increasing anhedonic
symptoms and perceived stress. Prior NHP findings demon-
strated that activation of DLPFC neurons signaled low motiva-
tion (22). Therefore, reduced abililty to engage the DLPFC to
complete low-conflict/low-motivation trials in MDD represents a
potential neural underpinning of impaired anticipation of aver-
sion, stress appraisal, and anhedonia.

Neuroimaging implicates the ventral striatum, particularly
the NAc, in the anticipation and valuation of rewards (47,48).
Alterations in NAc activations are implicated in a range of
psychiatric conditions (49) and are thought to underlie deficits
in reinforcement learning and motivation. The reduced NAc
activation reported here may thus suggest blunted neural
response related to the anticipation and evaluation of reward in
a given offer in MDD, an effect that has hitherto not been
directly linked to Ap-Av behavior. We found that the MDD
group was behaviorally less sensitive to reward. In addition, in
the absence of conflict (in approach-reward/avoid-threat tri-
als), the NAc was activated in the HC group but not in the MDD
group (Figure 3A). Maladaptive NAc responses to nonconflict
choice situations (e.g., easy choices) may be a key underlying
feature contributing to impaired approach behavior in MDD.

Cross-species Function of the ACC

The role of the human ACC in conflict monitoring is well
established by prior work in healthy control subjects (15).
However, conflict activation in the ACC of NHPs has been
debated (Supplemental Discussion). The prior gap between
humans and NHPs could stem from differences in task re-
quirements (50) or cognitive demands (51). Here, we focused
on Ap-Av conflict in which participants need reconciliation
between positive and negative emotional responses. Surpris-
ingly, the 2 prior neuroimaging studies of Ap-Av conflict in
MDD reported group differences in multiple regions (including
the striatum) but not in the ACC (52,53). Here, we found neural
correlates of conflict in pACC/dACC and caudate (Figure 3C).
Reduced conflict-related activation, in a region similarly acti-
vated by conflict in the NHPs (Figure 4), was associated with
depression severity and perceived stress in MDD.

Further cross-species integration stems from the compari-
son of findings on chosen aversiveness being encoded in the
pACC of NHPs. The region identified in the monkeys was in the
ventral bank of the cingulate sulcus (posterior part of cortical
area 32 and/or anterior part of area 24) (Figure 5). Using
parametric modulation, we found that a large region of the
ACC (including/adjoining the pACC) also encoded chosen
aversiveness in humans (Supplemental Figure S4) (see
Supplement for a model comparing reward and aversiveness).
Thus, the current NHP and human findings concur in high-
lighting a role of the ACC in conflict and aversion processing.
Given prior NHP findings (14,41), this cross-species integration
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should aid future investigations of interventions in humans with
MDD and anxiety disorders that could remediate Ap-Av
abnormalities.

Limitations

Despite our integration of behavioral assessments, brain ac-
tivity measures, and computational modeling, limitations exist.
First, behavioral modeling indicated reduced reward sensitivity
in MDD, but groups did not differ in avoidance. This pattern
points to possible specificity, but participants made signifi-
cantly more approach decisions than avoid decisions, indi-
cating that the aversiveness of the affective images may have
not been potent enough to produce behavioral group differ-
ences. Second, whole-brain fMRI analyses were corrected, but
the ROI-based regression analyses report corrected and un-
corrected statistics. When applying a Bonferroni correction,
only NAc and DLPFC group differences remain significant.
Also, when comparing aversiveness and reward post hoc in
the parametrically modulated findings, aversiveness-related
clusters do not survive correction, limiting specificity. Third,
although there was high correlation between the normative and
subjective ratings for most participants, the assumption that
aversive stimuli meant the same to all participants is another
limitation. Fourth, the putative interaction between reward
valuation and conflict resolution prevented us from separating
these 2 aspects of Ap-Av conflict, and it is possible that MDD-
related abnormalities in one or both domains might have driven
findings. Fifth, because the NHPs did not show depressive-like
phenotypes, their data do not immediately inform models of
MDD. However, confluence in computational parameters (e.g.,
avoidance-related pACC activation) modulated by MDD (in
humans) and stimulations (in NHPs) allowed us to draw
stronger conclusions about fMRI findings in MDD. Future
integration of preclinical studies using manipulations relevant
to depression (e.g., chronic stress) (19,20) and studies in MDD
will be needed for stronger mechanistic models. Finally, only
female human participants and macaques were included,
limiting generalizability. Despite these limitations, the current
cross-species study takes the first steps in developing an Ap-
Av conflict model that can be used in humans and NHPs,
defining a neural model of avoidance and conflict that corre-
lates with and predicts the symptoms of MDD.
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Approach-Avoidance Conflict in Major Depressive Disorder:
Congruent Neural Findings in Humans and Nonhuman Primates

Supplemental Information

Supplemental Methods and Materials

Human Procedure

Participants were right-handed, reported no medical or neurological illnesses and no current use
of psychotropic medications. Healthy controls reported no current or past psychopathology. All
participants were assessed by a clinician using the Structured Clinical Interview for the DSM-IV
(SCID; (1)) and the Hamilton Depression Rating Scale (HAM-D, (2)). Six healthy control (HC)
participants and one participant with major depressive disorder (MDD) did not complete the study.
Two additional MDD participants were excluded from analyses because their diagnosis was later found
to be unreliable. Two HC participants were excluded because of a technical issue with registering their
task responses. Three additional HC participants were excluded as their task performance was
unreliable. This brought the final sample available for analyses to 18 unmedicated individuals with
current MDD diagnosis and 24 psychiatrically healthy individuals. Participants were compensated

$15/hour for their time, $50 for the MRI session and a $50 completion bonus.



Ironside et al. Supplement

During the initial screening visit, after the SCID, participants completed a number of self-report

questionnaires, including the Beck Depression Inventory (BDI-II; (3)), Snaith Hamilton Pleasure Scale

(SHPS; (4)), the Cognitive-Behavioral Avoidance Scale (CBAS; (5)), the Mood and Anxiety Symptom

Questionnaire (MASQ; (6)) and the Perceived Stress Scale (PSS; (7)) in order to assess, respectively,

depressive symptoms, anhedonic symptoms, behavioral avoidance, subtypes of depressive and anxious

symptoms, and perceived stress.

Human Approach-Avoidance Task Procedures

An Ap-Av task was adapted from the prior NHP study (8) (main text Fig. 1A). For each trial, two

abutting horizontal bars, one pink and one blue, appeared on the projected computer screen. The length of

bars indicated the size of the offers. The blue bar represented the offered number of reward points, which

ranged from O to 5. The length of the adjoining pink bar indicated the offered normative negative valence

rating for a picture from the International Affective Picture Series (IAPS, (9)), which also ranged from 0

to 5. These two offered outcomes were delivered only when the participant made an approach decision.

At the same time as the compound visual cue, two target cues (a white cross and a white square) appeared,

at randomly programmed positions above and below the cues. A cursor (white circle) controlled by a

joystick appeared at the center of the screen. The cues and targets remained on until a response was made.

To indicate their decisions, participants used a joystick to move the cursor toward one of the two targets
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within 3-s (response period). If the participant did not respond within the allotted 3-s response period, the

trial was counted as an auto-avoid and was not included in the analysis. When the participant chose the

cross target (approach trial), a fixation cross was presented for a variable period of time (jittered, mean

duration 4.6 s). Subsequently, an IAPS picture and matched sound with a normative aversiveness rating

of the pink bar in the offer was shown (jittered, mean duration 2-s). This remained on the screen when the

reward points with the value of the blue bar were shown (additional 2-s duration). If the participant chose

the square target (avoidance trial), the same fixation screen was shown but instead was followed by a

neutral IAPS image and sound (jittered, mean duration 2-s). This image remained on the screen when

subsequently zero reward points were reported on the screen (additional 2-s duration). To avoid low levels

of avoidance, reward points were not associated with any financial reward. After each trial, a variable

intertrial interval (jittered, mean duration 2.2 s) occurred. The task included a total of 105 such trials,

separated into three runs of 35 trials with a short break in-between, for a total length of ~15 min. There

were three trial types: 1) trials with a combination of reward and aversive outcome (conflict-trials, 75

trials); 2) trials with only a reward and no aversive outcome (approach-reward trials, 15 trials), and 3)

trials with only aversive outcome and no reward (avoid-threat trials, 15 trials). After finishing the fMRI

scan, participants reported their ratings of the valence and arousal of the images to ensure appropriateness

of normative ratings as a measure of aversiveness. Piloting of the task in a community sample (n = 50, 15

males) revealed a sex-specific effect, with males showing less responsivity to potential rewards and
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aversion. Therefore, for the fMRI study only females were recruited, which also matched the macaque

sample.

Human fMRI Data Acquisition

A 3T Tim Trio Siemens scanner (Siemens Medical Systems, Iselin, N.J.) equipped with a 32-
channel head coil was used to acquire the high-resolution functional and structural MRI data. High-
resolution structural data were acquired with a T1-weighted magnetization-prepared rapid acquisition
having gradient multi-echo (MPRAGE) imaging sequences with the following acquisition parameters:
repetition time (TR) = 2530 ms; echo times (TE) = 3.31, 6.99, 8.85 and 10.71 ms; field of view =256 mm;
voxel dimensions = 1.3 x 1.0 x 1.3 mm?; 128 slices. Functional MRI data were acquired using a gradient
echo T2*-weighted echo planar imaging sequence (Connectome sequence, (10, 11)) with the following
acquisition parameters: repetition time (TR) = 720 ms; echo time (TE) = 30 ms; field of view =212 mm;
voxel dimension = 2.5 x 2.5 x 2.5 mm, 66 interleaved slices with a multiband acceleration factor of 6 and

a GRAPPA acceleration factor of 2.

Human fMRI Data Pre-processing
Functional MRI data were preprocessed and analyzed using Statistical Parametric Mapping

software (SPM12; http://www.fil.ion.ucl.ac.uk/spm) and statistical software R (12). Distortion correction
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was applied using field maps. Functional images were then realigned to the mean image of the series,

corrected for motion and slice timing related artifacts, co-registered with the anatomical image,

normalized to the 2 x 2 x 2 mm MNI template, and smoothed with an 8mm Gaussian kernel. As described

in the main text, the first-level general linear model included five regressors (offered choice presentation

onsets for approach reward decisions, avoid threat decisions, conflict approach decisions, conflict

avoidance decisions, and feedback). Also, offered presentation onsets for the four decision types were

parametrically modulated by trial-by-trial offered reward and aversiveness and convolved with a

hemodynamic response function. Normative ratings of aversiveness (13) were used in this analysis to

maximize comparability with the NHP work and because the length of the bar representing aversiveness

in the human and NHP tasks was based on normative ratings. Note that, as the parametrically modulated

time period analyzed was before the image was presented, the length of the aversiveness bar (and thus the

normative rating) was the best representation of anticipated aversiveness that each participant could have.

Subjective ratings were highly correlated with normative ratings both in terms of valence (Pearson’s r =

0.95, p=<0.001) and arousal (r = 0.89, p < 0.001) (see Supplemental Fig. S1 and Supplemental Tables

S1/S2 for individual image ratings). The covariates of no interest included motion realignment parameters

and outliers calculated using Artifact Removal Tool (14), and a constant term modelling the baseline of

unchanged neural activation was used.
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Supplemental Figure S1: Correlation of normative and subjective International Affective Picture Series
(IAPS) ratings: Normative ratings taken from Lang et al (2008). Subjective ratings carried out by individual

participants (mean rating for each image shown).

IAPS Normative Mean subjective Normative Mean subjective

image ID valence rating  valence rating  arousal rating  arousal rating

6150 4.92 4.90 3.22 1.55
3300 7.26 6.68 4.55 3.33
7285 4.33 3.78 3.83 2.45
9090 6.44 5.73 3.97 2.45
7207 4.85 4.43 3.57 1.93
5740 4.79 3.80 2.59 2.28
9041 7.02 6.58 4.64 3.38
7004 4.96 5.03 2.00 2.03
6838 7.55 7.05 5.80 3.93
7035 5.02 4.90 2.66 1.83
2312 6.29 6.25 4.02 3.08
7186 5.37 4.98 3.60 1.80
7170 4.86 4.95 3.21 1.60
6260 7.56 6.65 6.93 4.45
5395 4.66 4.43 4.23 2.45
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IAPS Normative Mean subjective Normative Mean subjective

image ID valence rating  valence rating  arousal rating  arousal rating

2490 6.68 6.20 3.95 2.83
2516 5.10 4.65 3.50 1.65
2520 5.87 6.25 4.22 3.00
2870 4.69 4.38 3.01 2.28
3102 8.60 8.38 6.58 5.28
1313 4.35 3.68 4.39 2.58
9921 7.96 7.08 6.52 3.75
7002 5.03 4.68 3.16 1.95
2750 7.44 6.85 4.31 3.25
7100 4.76 4.85 2.89 1.95
9290 7.12 5.93 4.40 2.68
3170 8.54 8.00 7.21 4.50
7180 5.27 4.48 3.43 2.93
9430 7.37 6.63 5.26 3.40
7175 5.13 5.03 1.72 1.40
9404 6.29 6.23 4.67 3.35
7283 4.50 3.70 3.81 3.30
3053 8.69 8.40 6.91 5.13
2850 4.78 4.90 3.00 2.60
9410 8.49 8.58 7.07 5.03
9253 8.00 8.18 5.53 4.88
7140 4.50 4.98 2.92 2.28
9621 6.78 6.30 5.76 3.05
7000 5.00 4.68 242 1.75
7185 5.03 5.08 2.64 2.38
9340 7.59 6.38 5.16 3.03
7190 4.45 4.88 3.84 2.00
3530 8.20 7.35 6.82 4.15
7150 5.28 4.35 2.61 1.75
2700 6.81 6.35 4.77 2.55
7233 491 4.98 2.77 2.38
9010 6.06 5.85 4.14 2.83

7090 4.81 4.63 2.61 1.83
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IAPS Normative Mean subjective Normative Mean subjective

image ID valence rating  valence rating  arousal rating  arousal rating

6350 8.10 7.43 7.29 4.78
2383 5.28 5.20 3.41 1.83
3180 8.08 7.58 5.77 4.23
7495 4.10 4.15 3.82 3.03
3120 8.44 7.95 6.84 4.43
7095 4.01 4.73 4.21 1.85
9046 6.68 6.15 4.31 2.88
3080 8.52 8.20 7.22 5.03
2206 5.94 5.40 3.71 2.20
3130 8.42 7.98 6.97 4.68
8160 4.93 4.75 6.97 3.75
7009 5.07 4.60 3.01 2.00
2570 5.22 4.53 2.76 2.18
7020 5.03 4.90 2.17 1.75
8311 4.12 4.28 3.57 2.33
7820 4.61 4.88 4.21 1.80
9592 6.66 5.48 5.23 2.55
7205 4.44 4.58 2.93 1.78
9910 7.94 7.15 6.20 4.55
7130 5.23 4.83 3.35 2.05
2485 4.31 3.43 3.74 3.13
7010 5.06 4.95 1.76 1.85
2681 5.96 6.05 4.97 3.95
7160 4.98 4.60 3.07 1.93
3064 8.55 8.40 6.41 4.93
9630 7.04 6.08 6.06 3.10
2518 4.33 4.25 3.31 2.53
9080 5.93 5.70 4.36 2.48
6560 7.84 7.28 6.53 4.45
7187 4.93 4.93 2.30 2.08
2381 4.75 4.45 3.04 2.50
9570 8.32 7.78 6.14 4.60

8465 4.04 3.35 3.93 3.05
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IAPS Normative Mean subjective Normative Mean subjective
image ID valence rating  valence rating  arousal rating  arousal rating
6242 7.31 6.03 5.43 3.10
5533 4.69 4.48 3.12 1.83
2753 6.83 7.08 4.29 3.35
9280 7.20 5.88 4.26 2.68
9140 7.81 7.45 5.38 4.18
5731 4.61 3.20 2.74 2.38
2722 6.53 6.23 3.52 3.23
7025 5.37 5.00 2.71 1.70
5390 4.41 343 2.88 2.38
7235 5.04 4.93 2.83 1.23
3000 8.55 8.25 7.26 5.25
7950 5.06 5.35 2.28 1.93
7380 7.54 7.05 5.88 3.58
5920 4.84 5.40 6.23 3.10
2495 4.78 4.90 3.19 2.28
7351 4.18 3.73 4.25 3.25
2487 4.80 4.20 4.05 2.53

Supplement

Supplemental Table S1: Individual normative and subjective International Affective Picture Series (IAPS)

ratings: Normative ratings taken from Lang et al. (2008). Subjective ratings carried out by individual participants

(mean rating for each image shown).

ParticipantID  Group  Correlation ParticipantID  Group  Correlation
AACO001 HC 0.88 AAC101 MDD 0.86
AAC003 HC 0.89 AAC105 MDD 0.07
AAC004 HC 0.77 AACI106 MDD 0.62
AACO005 HC 0.85 AACI107 MDD 0.86
AAC006 HC 0.46 AACI13 MDD 0.74
AAC009 HC 0.85 AACI115 MDD 0.72
AACO10 HC 0.90 AACI116 MDD 0.76
AACO11 HC 0.84 AACI117 MDD 0.75
AACO15 HC 0.88 AACI20 MDD 0.77
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ParticipantID  Group  Correlation Participant ID  Group  Correlation

AACO17 HC 0.89 AAC124 MDD 0.86
AACO18 HC 0.91 AAC126 MDD 0.89
AACO19 HC 0.84 AAC131 MDD 0.87
AAC020 HC 0.88 AAC134 MDD 0.74
AACO021 HC 0.84 AAC136 MDD 0.83
AAC022 HC 0.82 AAC139 MDD 0.73
AACO023 HC 0.88 AAC142 MDD 0.75
AAC029 HC 0.84 AAC143 MDD 0.86
AACO031 HC 0.90
AACO032 HC 0.82
AACO033 HC 0.89
AACO034 HC 0.80
AACO036 HC 0.45
AACO039 HC 0.62

Supplemental Table S2: Correlation of individual normative and subjective International Affective Picture
Series (IAPS) ratings: Normative ratings taken from Lang et al. (2008). Correlation (Pearson’s r) of all normative
ratings with subjective ratings carried out by individual participants. Subjective ratings were missing for two

participants.

Human fMRI Data Analyses

For whole-brain analyses independent sample and one-sample t-tests were carried out on contrast

images with a voxel height threshold of p = 0.001 and a cluster correction threshold of p < 0.05. Based

on prior preclinical and human results obtained with similar constructs/tasks, a priori regions of interest

(ROIs) were specified bilaterally in the nucleus accumbens (NAc, Pickatlas), amygdala (Oxford-Harvard

subcortical atlas, 50% threshold), subthalamic nucleus (STN, FSL subthalamic nucleus atlas, 50%

threshold), caudate (Oxford-Harvard subcortical atlas, 50% threshold), insula (Oxford-Harvard

10
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subcortical atlas, 50% threshold) and DLPFC from a frontoparietal control network (15), incorporating

the frontal pole, superior frontal gyrus and middle frontal gyrus. Given the key role of the ACC in conflict

monitoring and prior NHP work focusing on the pACC, we specified two ACC ROIs, pACC, defined as

a single 12mm sphere drawn around coordinates from a meta-analysis (16) and dACC, constituting the

remaining portion of the ACC (Oxford-Harvard subcortical atlas, 50% threshold with pACC ROI

subtracted), as a single ROI containing dorsal regions. Mean activation during the offer/decision period

for each of the four Ap-Av task conditions (approach reward, avoid threat, conflict approach and conflict

avoid) was extracted from these ROIs using the SPM12 Summarise function and analyzed with mixed-

effects linear regression (degrees of freedom approximated using Satterthwaite’s method) using R (12).

For bilateral ROIs, mean activation was extracted separately for left and right, thus degrees of freedom

differ between bilateral and single region ROIs. Mean activation outliers were identified (less than the

first quartile (Q1) - 1.5 * interquartile range (IQR) or greater than Q3 + 1.5 * IQR) and were removed

before further analysis or correlation with clinical symptoms were performed. Correlations of neural

activation with clinical symptoms were also carried out using R and Pearson’s correlation coefficients,

and hierarchical regression analyses were performed to control for corresponding baseline levels and to

test for potential specificity. Follow-up effects from significant interactions were examined with t-tests

(2-tailed). For ROI analyses we report both uncorrected and corrected (using the Bonferroni method for 8

ROIs) statistics.
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Animal Procedure

Animal Approach-Avoidance Task Procedure

In each trial (main text, Fig. 1C), the monkey was initially presented with a simultaneous white central

fixation spot and a gray rectangular frame on a screen. An infrared photobeam sensor detected when the

monkey placed its hand on a designated start position. The monkey was trained to hold its hand in the start

position for 1.5 s (fixation period). After the fixation, a visual cue, consisting of red and yellow horizontal

bars, appeared on the screen. The length of the red bar represented the offered amount of liquefied food,

which ranged from 0.1 to 2.0 ml. The length of the yellow bar represented the offered pressure of the

airpuff, which ranged from 0 to 50 psi. As in the human version of the task, these two offered outcomes

were delivered only when the monkey decided to approach. The length of the bars was variable over 101

steps, independently and randomly. The cues remained on for 1.5 s (cue period), during which the monkey

had to maintain start position. If the monkey released the contact (a commission error), the trial was

terminated, and an airpuff with pressure indicated by the length of the yellow bar was delivered to the

monkey’s face. If the monkey continued, after the cue period, two target cues (a white cross and a white

square) appeared above and below the cue. At the same time, a cursor (white circle) whose vertical location

was controllable by the joystick appeared at the center of the screen. The monkey reported its decision by

using a joystick to move the cursor toward one of the two targets within 3-s (response period). The

locations of the target cues alternated randomly to be above or below. If the monkey did not respond
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within the allotted 3-s response period, the trial was counted as an omission error, and an airpuff as

indicated by the yellow bar was delivered. When the monkey chose the square target, the minimum reward

(liquefied food, 0.1 ml; corresponding to the minimum offer by the red bar) was delivered to maintain the

monkey’s motivation. If the monkey chose the cross target, an airpuff whose pressure was represented by

the yellow bar was delivered to the monkey’s face. Liquefied food, in the quantity signaled by the red bar,

was then delivered for 1.5-s.

Animal Housing and Neuronal Recording

Animal Subjects and Procedure

We studied two female Macaca mulatta monkeys (monkey A, age: 7 years, 6.8 kg; monkey S,

age: 6 years, 7.5 kg) in experiments conducted in accordance with the Guide for Care and Use of

Laboratory Animals of United States National Research Council. All procedures were approved by the

Committee on Animal Care of the Massachusetts Institute of Technology. The two monkeys were cage-

paired with other monkeys and were not housed in isolation. During recording periods, we did not observe

abnormal decision-making; such changes were only observed during microstimulation sessions. Before

training, we habituated each monkey to sitting in a custom monkey chair. Next, we performed sterile

surgery with anesthesia induced by intramuscular atropine (0.04 mg per kg) and ketamine (10 mg per kg)

and maintained by inhalation of 1-2.5% sevoflurane with O2 in order to implant recording chambers
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secured by ceramic screws and bone cement. In a subsequent surgical procedure, with the same anesthesia

protocol, we implanted electrodes to the regions of interest including the pACC. Post-surgery, the

monkeys were kept on analgesics, and prophylactic antibiotics were given intramuscularly both on the

day of surgery and thereafter daily for one week. The monkeys were trained to perform an Ap—Av task,

previously described in detail (8, 17, 18). We then simultaneously recorded unit activities from the DLPFC

and ACC that we used in this study (17). After we started the recording experiments, both monkeys S and

A were also used for the microstimulation experiment reported in Amemori & Graybiel (8). Recording

and microstimulation experiments were performed in different sessions, and we did not observe abnormal

decision-making during the recording sessions. The changes in choice patterns were only observed during

microstimulation sessions.

The recording and task control system included five networked computers and other peripheral

equipment. Eye positions were monitored by an infrared eye-movement camera system (Eyelink CL; SR

Research). Two computers regulated the task based on a CORTEX system developed by the National

Institute of Mental Health. For recording, a digital data acquisition system (Digital Lynx; Neuralynx)

collected all signals and task event markers. Signals from the microelectrodes were amplified and stored

by the Digital Lynx system. Data were later classified into single-unit activities using Offline Sorter

(Plexon) and were analyzed using MATLAB (Mathworks).
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Animal Econometrics Models Deriving Entropy

If there were two options associated with the cross and square targets, the probability of choosing

the cross target was written as p+= 1/(1+exp(-(U+-Uy))), where U+ and Uy are the utility of each option

(Supplemental Fig. S2B). We modeled the difference in utility U+-Uy as U+-Uy = aix+azy+as, where X

was the length of the red bar, y was the length of the yellow bar, and ai, a2, as were determined by the

logistic regression. We thus characterized each utility as U+ = Uap = a1ix+azy, and Uy = Uav = -as. The

weighted average, Eutil = p+U++ (1-p+)Uy, is called ‘expected utility’ in economics (19), and is interpreted

as corresponding to the ‘chosen value’ (ChV) (20). We consider the chosen value in the Ap-Av task to be

enhanced by the expectation of reward and to be suppressed by the expectation of punishment, as this is

the parameter that reflects valuation for value-based decision-making. In the Ap-Av task, the entropy of

the decisions (Ep) (Supplemental Fig. S2C) was calculated by the model as Ep = -p+logp+-(1-p+) log(1-

p+). Chosen aversiveness (ChA) represents the strength of airpuff that was going to receive in the outcome

period. Therefore, the ChA became zero for Av choices, and the strength of airpuff for Ap choices.

Standard deviation of choice behavior (Sd) characterized the variability based on the standard deviations

directly derived from the averaged behavior.

To examine decision-related activity, we focused on the cue period, during which the monkeys

had to make a decision, but during which they did not yet know the direction of movement. To derive the

selected combination of explanatory variables by which the explained variable was best fitted to the
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neuronal activity, we introduced the stepwisefit function of Matlab (Mathworks). The criterion for

statistical significance of the F-tests was set at p < 0.05. To decode neuronal activity during the Ap-Av

task, we performed the stepwise regression with the explanatory variables and added parameters derived

from theoretical modeling. During the variable selection, we performed multicollinearity checks for each

recording session using the Belsley's collinearity test. The combination of variables that exceeded the

standard tolerance (a variance decomposition proportion >0.5 and a condition index >30, established in

the collinetest function of Matlab) was not used. The explanatory variables were the offered reward (Rew,

the amount of offered reward indicated by the red bar), the offered airpuff/aversiveness (Ave, the offered

pressure of airpuff indicated by the yellow bar), the approach (1) or avoidance (0), the chosen reward

(ChR, the amount of reward to obtain), the chosen aversion (ChA, the strength of airpuff to obtain) and

the reaction times (RT). We also included the direction of the joystick movement (push or pull) to the

explanatory variables. The standard deviation of decisions (Supplemental Fig. S2E) and the frequency of

omission errors (Om) were derived from the corresponding averaged behavioral parameters. We used the

entropy (Ep) and standard deviation (Sd) of decision parameters to characterize the degree of conflict in

the Ap-Av task.
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Supplemental Figure S2: Parametric modeling of the decisions by monkey S in a single session in the Ap—Av
task. (A) Avoidance (red square) and approach (blue cross) decisions made by the monkey in a single session of
the Ap—Av task. (B) The behavioral model derived by logistic regression with the dataset shown in A. The color
scale indicating the probability of choosing avoidance (red) or approach (blue) is shown at the right. (C) The entropy
of the decision (Ep) of approach (Ap) —avoidance (Av) decisions derived from the model. (D) The mean of choices.

(E) The mean of standard deviation of Ap-Av decision.
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Results of Human Study

Behavioral Results

Model Reward Averse Dreward Daverse LOOIC SE

a normal normal Yes yes 1761.41 75.42
b log normal Yes yes 1747.23 75.52
c normal log Yes yes 1799.11 75.77
d log log Yes yes 1773.77 76.11
e normal normal No yes 1988.67 85.49
f log normal No yes 1839.32 80.56
g normal log No yes 2052.7 84.51
h log log No yes 1883.37 81.15
1 normal normal Yes no 1760.37 75.37
J* log normal Yes no 1745.59 75.05
k normal log Yes no 1821.21 76.91
1 log log Yes no 1791.87 77.07
m normal normal No no 1980.02 84.99
n log normal No no 1834.91 80.14
0 normal log No no 2052.56 84.45
p log log No no 1891.18 80.59

Supplement

Supplemental Table S3. Description and fit of tested models: 16 models were tested, exhausting all combinations

of allowing offered reward and aversiveness to be log transformed or not and to include a dummy coded variable

that indicated whether the offered value of reward and aversiveness was 0 (D = 1) or not (D = 0). Lower values of

LOOIC indicate better fit to data. The best fitting model (model j) reported in the results is indicated with and

asterisk. LOOIC = Leave-One-Out Cross-Validation information criterion. SE = standard error.
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Trial-by Trial Effects

At the request of an anonymous reviewer we carried out follow-up analyses where we

investigated trial-by-trial effects of conflict. To explore this possibility, in the behavioral model we

created a regressor that was set to 1 if the previous trial was approached and was high conflict (< 1 point

(20%) difference between reward and aversiveness). The regressor was estimated to be associated with

a slight decrease in probability to approach, but it was not a significant effect for either group (Bhc

=-0.36, 95% CI = -0.84,0.1, Ppmdd = -0.3, 95% CI = -0.8,0.2) nor was there an effect of group on the

coefficient (p(Bhc > fmdd) = 0.438). Further, it did not improve model fit compared to the best-fitting

model (LOO-conflict model = 1742.04, LOO-best-fitting model = 1740.61).

Imaging Results

Approach vs. Avoidance

When the activation for approach versus avoidance was averaged across conflict and non-conflict

trials, whole-brain corrected categorical analyses did not demonstrate any group (MDD vs. HC)

differences (all corrected ps > 0.05). However, in ROI analyses, mixed-effects linear regression

calculations showed that the interaction of Conflict (conflict vs. non-conflict) X Choice (approach vs.

avoidance) X Group (MDD vs. HC) was associated with activation in the pregenual anterior cingulate

cortex (pACC) (B =-0.11, t(114) = -2.05, p = 0.04). Additionally, the Choice X Group interaction was
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associated with activation in the subthalamic nucleus (STN) (B = -0.10, t(275) = -2.12, p = .03), and
bilaterally in the dorsolateral prefrontal cortex (DLPFC) (f = 0.075, t(267) =-1.99, p = 0.05). Follow-up
comparisons and correlations with clinical symptoms are reported in the main text results section.

In whole-brain corrected analyses of all approached vs. all avoided trials across all subjects (n =
42), there was higher activation for avoided trials than approached trials in a large cluster in the medial
prefrontal cortex (MPFC) (superior medial gyrus (SMG), superior frontal gyrus (SFG)) and anterior
cingulate cortex (ACC) (i.e., MPFC/ACC region) (k = 1204, XYZ: -12, 56, 34) and in the inferior frontal
gyrus (IFG) bilaterally (left: k = 261, XYZ: 36, 18, -14; right k = 334, XYZ: 48, 28, -6) (main text, Fig.
2D, E). Within the MDD group, decreased avoidance activation (avoidance - approach) in these clusters
(averaged across all voxels shown in Fig. 2D and E, main text) was associated with increased clinician-
rated depression severity (Hamilton Depression Rating Scale (HAM-D) scores) at screening (MPFC/ACC:
r=-0.65,p=0.006,n=16; RIFG: r=-0.57,p = 0.02, n=18). In addition, decreased avoidance activation
in all three clusters was associated with higher levels of self-report perceived stress (assessed by the PSS)
in the MDD group at follow-up (MPFC/ACC: r=-0.60, p =0.03,n=14; LIFG: r=-0.57,p=0.03, n =
14; RIFG: r =-0.62, p = 0.02, n = 14), even when controlling for baseline PSS scores (MPFC/ACC: AR?
=0.28, AF(1, 9) = 8.33, p = 0.02; L IFG: AR? = 0.25, AF(1, 10) = 8.34, p = 0.02; R IFG: AR? = 0.22,

AF(1,9) =7.38, p = 0.02) (main text Fig. 2D, E and Supplemental Fig. S3).
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Supplemental Figure S3: Approach vs. avoidance in left IFG. Refers to main text Fig. 2. (A) Mean activation
extracted and plotted for the left IFG. (B) Correlation of left lateralized activation shown in main text Fig. 2E with
perceived stress at follow up (r=-0.57, p = 0.03, n = 14).

Conflict vs. Non-conflict

Whole brain corrected categorical analyses probing conflict did not indicate any group differences
(all corrected ps > 0.05). However, in ROI analyses, mixed-effects linear regression indicated that the
Conflict X Group interaction was associated with activation in the bilateral NAc (f = 0.10, t(267) = 2.76,
p = 0.006). Additionally, the Conflict X Group interaction was associated with activation in the bilateral
DLPFC (B = 0.09, t(266) = 2.50, p = 0.01). Follow-up comparisons and correlations are reported in the
main text results section. For correlations with anhedonic depression (assessed by the MASQ-AD
subscale), the relationship remained when controlling for anxious arousal (assessed by the MASQ-AA

subscale) using hierarchical regression, AR? = 0.131, AF(1,12) = 8.01, p = 0.02, highlighting specificity.
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Whole-brain corrected analyses across all subjects (N = 42) revealed increased activation for

conflict-approach compared to approach-reward trials in a region at the intersection between the pregenual

and dorsal ACC (pACC/dACC) leading through the CN into the right middle frontal gyrus (k = 1026,

XYZ: 2, 34, 22) (main text, Fig. 3C). In additional exploratory analyses, reaction time for the conflict and

non-conflict conditions was included as a covariate and in these analyses the ACC cluster remained

significant. Thus, possible collinearity between reaction times and conflict did not unduly affect the

results. Among the MDD group, decreased conflict activation (conflict-approach - approach-reward) in

this entire cluster (averaged across all voxels shown in Fig. 3C) was associated with higher clinician-rated

depression severity (HAM-D score) at screening, r =-0.57, p = 0.02, n = 18 (main text, Fig. 3C).

Group effect driving  Condition driving ROI t-stat Significance level
interaction interaction

MDD <HC Approach DLPFC 3.54 <0.001?
MDD < HC Avoid pACC 2.24 0.03
MDD > HC Avoid STN 5.02 0.04
MDD < HC Non-conflict NAc 4.16 <0.001?
MDD < HC Non-conflict DLPFC 3.62 <0.001?

Supplemental Table S4: Human region of interest fMRI results: DLPFC: Dorsolateral prefrontal cortex, pACC:
pregenual anterior cingulate cortex, STN: Sub-thalamic nucleus, NAc: Nucleus accumbens. *Survives a Bonferroni

correction for multiple comparisons (8 a priori ROIs)
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Condition contrast Cluster peak K Location t-stat Significance level
coordinates (peak) (FWE corrected
p-value)
Avoid > Approach -12,56,34 1204 MPFC/ ACC 5.06 <0.001
Avoid > Approach -36,18,-14 261 Left IFG 5.40 <0.001
Avoid > Approach 48,28,-6 334 Right IFG 5.02 0.001
Conflict approach > 2,34,22 1026 ACC/ Caudate 5.47 <0.001
Approach reward
Aversiveness modulated 8,28,24 2552 Orbital gyrus/ 5.52 <0.001
(all approach trials) ACC
Aversiveness modulated 30,30,-6 729 Right IFG/ 5.19 <0.001
(all approach trials) Insula

Supplemental Table S5: Human whole-brain corrected fMRI results: MPFC: medial prefrontal cortex, IFG:

Inferior frontal gyrus, ACC: Anterior cingulate cortex

=3

=0

Supplemental Figure S4: Regions modulated by aversiveness. Thresholded statistical map of regions modulated

by chosen aversiveness of the offer including the orbital gyrus/pregenual ACC/dorsal ACC and right inferior frontal

gyrus (IFG)/insula. Note: Whole-brain correction performed using a voxel height threshold of p < 0.001 and a
cluster correction threshold of p = 0.05 FWE.
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Reward

Using trial-by-trial parametric modulation of all offers that were approached, we found no group
differences in how reward modulated activation in the Ap-Av task (ps > 0.05). Across all participants (n
=42), we did not find any clusters in hypothesized regions but did identify whole-brain corrected clusters
tracking trial-by-trial reward of the offer in approach trials, specifically a cluster in the right lingual gyrus
(k =406, XYZ: 18, -86, -8) and left occipital gyrus (k =408, XYZ: -14, -88, -12) (Supplemental Fig. S5).
Upon an anonymous reviewer’s request, we additionally examined a model containing both reward and
aversiveness as separate parametric modulators and contrasted these parametric effects directly. The
parametric effects of aversiveness in the ACC and IFG/insula did not survive correction in this model (p

>0.05).

Supplemental Figure S5: Regions modulated by reward. Thresholded statistical map of regions modulated by

chosen reward of the offer including the right lingual gyrus and left occipital gyrus/cerebellum. Note: Whole-brain
correction performed using a voxel height threshold of p <0.001 and a cluster correction threshold of p=0.05 FWE.
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Results of Non-Human Primate Study

Classification of Units

We isolated 3109 neocortical units from the right and left DLPFC (mainly cortical area 46) and

ACC (areas 8, 9, 24 and 32) of the two monkeys. Among them, 2320 units were defined as task-related

because their firing rates during the cue period activity were significantly different from those during the

1-s time-window before the fixation cue appeared (two sample t-test, p < 0.05). We classified those units

using the stepwise regression of 11 explanatory variables (see Supplemental Fig. S6). 1358 units were

explained by the stepwise regression procedure. Importantly, the activities of most units (n = 1063, 78%)

were accounted for by single variables (Supplemental Fig. S6). Units were thus classified into the 11

groups of neurons in each region with activity correlated either positively (+) or negatively (—) with offered

reward, offered aversiveness, chosen value/utility, choice (approach or avoid), chosen reward, chosen

aversiveness, reaction time, standard deviation of decision, entropy of decision, omission, and joystick

movement. 117 units (11%) were classified as units encoding conflict (entropy of decision units, N=58;

standard deviation of decision units, n = 59). 221 units (21%) were classified as units encoding

aversiveness consisting of offered aversiveness (n = 150) and chosen aversiveness (N = 71) units

(Supplemental Fig. S6). Analytical results from neurons coding offered reward, aversiveness, reaction

time, utility and omission errors have been reported previously (17). Here, we newly examined neurons
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that encoded conflict in decision-making and the offered and chosen aversiveness, to provide analyses

parallel to those performed for the data acquired in the human subjects.
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Supplemental Figure S6: Proportion of units coding eleven explanatory variables, (Rew, Ave, ChV, Cho,
ChR, ChA, RT, Sd, Ep, Om, and Mv). (A) Proportion of units explained by stepwise regression. (B) Proportion
of units explained by one of eleven explanatory variables. (C) Dissociable properties of DLPFC and ACC neurons.
Compared to the ACC (green), the DLPFC (blue) contained significantly higher proportions of neurons encoding
RT+, Om+, Ave— and Sd— than the ACC. The ACC contained significantly more proportions of neurons responding
to Ave+ and Ep+ than the DLPFC. Significant differences between ACC and DLPFC distributions are indicated by
P-values (Fisher’s exact test). Data illustrating neurons encoding Rew, Ave, ChV, choice, ChR, ChA, RT+, Om+
and Ave were previously published (17) and are reproduced with permission. Note: Units classified into the 11
groups of neurons in each region with activity correlated either positively (+) or negatively (—) with offered reward
(Rew), offered aversiveness (Ave), utility or chosen value (ChV), choice (Ap or Av), chosen reward (ChR), chosen
aversiveness (ChA), reaction time (RT), standard deviation of decision (Sd), entropy of decision (Ep), omission

(Om), and push/pull joystick movement.
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Supplemental Discussion

The impetus for developing cross-species paradigms comes from current setbacks in drug

discovery in clinical neuroscience, which has questioned the utility of animal models of cognitive human

disorders (21). Animal models of depression typically encompass measures such as the forced swim test

or chronic social defeat, for which there is no direct human equivalent, resulting in poor translation and

ultimately, failure of costly phase III trials. In the human study the Ap-Av task was specifically designed

to match the non-human primate task as a conscious attempt to bridge this gap. As maladaptive approach-

avoidance is a key cognitive phenomenon associated with major depressive disorder, we suggest that

showing, for the first time, common neural correlates in a functionally equivalent task represents an

important step forward for translational neuroscience specifically addressing current NIMH objectives

relating to experimental medicine in psychiatry.

For translational research capitalizing on methods possible in NHPs, it is critically important to

determine whether the apparently anatomically corresponding regions in the NHPs and humans have

functions within similar domains. For neural mechanisms of conflict resolution in the ACC, the gap

between conflict-related neuronal processes in humans and macaques has been emphasized. Cognitive

models hypothesize that the human dACC is implicated in cognitive demands that increase the need for

behavioral adjustment (22, 23). A series of fMRI studies (24, 25) and single unit recording (26) have

supported this view. By contrast, single unit recording in the dACC of NHPs have failed to find conflict-
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related neurons responding to behavioral switches (27) and behavioral suppression (28) in conflict

conditions. In macaque, conflict-related activity has been reported in the DLPFC, whereas dACC lesions

did not induce any deficits in behavioral flexibility (29). This series of studies raised the possibility that

the function of the ACC could be different between humans and NHPs (30). By contrast, human fMRI

studies reported that cognitive and emotional conflict responses were mediated by different regions of the

cingulate cortex (31), and the pACC was implicated in emotional conflict (32). Here, we directly tested

these alternative views by examining whether the pACC of humans and NHPs similarly responds to the

Ap-Av conflict in which subjects must regulate approach and avoidance motivations. Having established

pACC/dACC conflict-related activation in human fMRI (main text, Fig. 3C), we probed NHP data and,

in a functionally analogous task, we identified neurons specifically encoding conflict in the pACC/dACC

(main text, Fig. 4). Our report is thus the first to show that neurons in the pACC/dACC of macaque

monkeys specifically respond to the high conflict conditions in which the animal needed to resolve the

conflict between the motivational processes underlying approach and avoidance. In NHPs, conflict

resolution of behavioral adjustment has been implicated in the DLPFC (29). By contrast, the proportion

of the conflict units that we recorded in the pACC/dACC was significantly larger than in the DLPFC. Our

findings thus show that, in NHPs, the pACC/dACC — and less so the DLPFC — is implicated in conflict

resolution of approach and avoidance motivations in which positive and negative emotional responses
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must be regulated to guide a reasonable value judgment. Such involvement of the pACC/dACC in the

regulation of emotional conflict is consistent with previous human fMRI studies (31, 32).
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KEY RESOURCES TABLE

Resource Type

Specific Reagent or Resource

Source or Reference

Identifiers

Additional Information

Add additional rows as needed for each
resource type

Include species and sex when applicable.

Include name of manufacturer, company,
repository, individual, or research lab.
Include PMID or DOI for references; use
“this paper” if new.

Include catalog numbers, stock numbers,
database IDs or accession numbers, and/or
RRIDs. RRIDs are highly encouraged; search
for RRIDs at https://scicrunch.org/resources.

Include any additional information or
notes if necessary.

Organism/Strain Rhesus Macaque (Macaca mulatta) Primate Center N/A

Software; Algorithm SPM12 The FIL Methods group RRID: SCR_007_037

Software; Algorithm R The R Project for Statistical Computing |SCR:001905

Software; Algorithm Matlab 2017a Mathworks RRID: SCR_001622

Software; Algorithm bspmview Spunt, B (2014) https://github.com/spunt/bspmview

https://www.nimh.nih.gov/research/research-

Software; Algorithm conducted-at-nimh/research-areas/clinics-and-
CORTEX (VCortex) National Institute of Mental Health labs/In/shn/software-projects.shtml

Software; Algorithm Offline Sorter Plexon https://plexon.com/products/offline-sorter/

Software; Algorithm Chronux Bokil et al., 2010 http://chronux.org/

Other A 3T Tim Trio Siemens scanner Siemens Medical Systems

Other Connectome EPI sequence Feinberg et al., 2010; Xu et al., 2013 N/A

Other Eyelink 1000 SR Research Cat#UEPLEDVMCN1X
Other Custom built microdrives Feingold et al., 2012 N/A

Other Digital Lynx Neuralynx N/A

Other Master 8 AMPI N/A

Other A365 WPI N/A

Other L/S Masterflex, Cole-Parmer N/A

Other 20-A Silent Air N/A

Other 900-EIA Control Air N/A
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