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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 6
5.1 years) and 24 psychiatrically healthy control subjects (mean age 26.3 6 7.6 years) completed the adapted approachavoidance 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.
Keywords: Accumbens, Anterior cingulate cortex, Approach-avoidance conﬂict, fMRI, Major depressive disorder,
Primate
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Major depressive disorder (MDD) is a complex condition characterized by multiple abnormalities, including blunted approach
and increased avoidance behavior. Decreased approach
behavior predicts future depression (1,2), poor treatment outcomes (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 (ApAv) 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 paradigms with few correlates in animals. Therefore, developing
cross-species comparisons could be important for understanding mechanisms linked to MDD (14–16) and to potentially
reduce current setbacks in drug discovery in clinical neuroscience (17). As a ﬁrst 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 dysregulated 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 acquired 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 hypothesize that compared with healthy control subjects, participants 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 6 5.1 years) and 35 psychiatrically healthy control female adults (HC group; mean age: 26.3
6 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 session 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 picture, respectively. The task included 105 trials: 1) approachreward 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 transformations of offered reward and aversiveness using the leaveone-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 distribution 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 approachreward decisions, avoid-threat decisions, conﬂict-approach
decisions, conﬂict-avoidance decisions, and feedback). Presentation onsets were also parametrically modulated by trialby-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) conﬂictapproach 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, amygdala, and caudate and single ROIs 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), conﬂict (conﬂict, nonconﬂict), and, for bilateral ROIs, 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 ROIs, 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 experiments 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
(14,22,23). 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
behavior across species. (A) Human approachavoidance (Ap-Av) task: The length of the blue and
pink bars indicated the offered points and normative
aversiveness of the image/sound presented after
approach choice, respectively. The participant could
move the joystick to the cross target to indicate an
approach choice or to the square target for an
avoidance choice. (B) Results of Bayesian hierarchical regression: Patients with major depressive
disorder (MDD) were less sensitive to reward than
healthy control (HC) subjects. (C) Nonhuman primate
(NHP) Ap-Av task: During the cue period, the red and
yellow horizontal bars, respectively, signaling the
offered amounts of reward and punishment,
appeared on the monitor. The monkeys made a decision between acceptance and rejection of the
combined offer and reported this by choosing either
of 2 targets (cross for acceptance, square for rejection) that appeared during the response period. (D)
Raw behavior in the human Ap-Av task. (E) Avoidance (red square) and approach (blue cross) decisions made by the monkey in a single session of
the Ap-Av task. (F) The behavioral model derived by
logistic regression with the dataset shown in panel
(E). The color scale indicating the probability of
choosing avoidance (red) or approach (blue) is
shown on the right. IAPS, International Affective
Picture System.

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 monkey’s face (yellow). After the 1.5-second cue period, two targets 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

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 electrodes 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 subjective 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 signiﬁcantly increased by conﬂict (b = 0.21; 95% conﬁdence interval
[CI], 0.14–0.28) and avoidance (b = 0.14; 95% CI, 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

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):
choicet wbintercept 1 logðrewardt Þ  breward 1 averset  baverse
1 Dnorewardt  bdnoreward
The analysis conﬁrmed that higher offered reward increased
probability to approach (brewardHC = 4.90; 95% CI, 3.79–6.14;
brewardMDD = 3.53; 95% CI, 2.38–4.88), whereas stronger aversiveness increased probability to avoid (baverseHC = 22.16; 95%
CI, 22.83 to 21.51, baverseMDD = 21.88; 95% CI, 22.62
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Figure 4. Properties of conﬂict units. (A, B) Population activity of (A) entropy (Ep1) and (B) standard
deviation (Sd1) 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
(Ep1 and Sd1). The size of black and gray circles
indicates the number of conﬂict and task-related
neurons at each location, respectively. Red stars
on black circles indicate locations in which proportions of conﬂict units to task-related units were
signiﬁcantly larger than the average (*p , .05,
Fisher’s exact test). Note: Units classiﬁed with activity correlated positively (1) with standard deviation of decision (Sd1) and entropy of decision (Ep1).
AP, anterior-posterior; AS, arcuate sulcus; CS,
cingulate sulcus; PS, principal sulcus.

to 21.12). The model identiﬁed a credible effect of sensitivity to
reward across groups: individuals with MDD were less sensitive to reward than healthy control subjects (p[brewardMDD ,
brewardHC ] = .05). None of the other coefﬁcients differed between
groups (Figure 1B).

Imaging Results
Complete tables of imaging results are presented in
Supplemental Tables S4 and S5.

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 (t156 = 3.54,

p , .001, d = 20.55) (Figure 2A) and reduced avoidance-related
pACC activation (t79 = 2.24, p = .03, d = 20.46) (Figure 2B).
Moreover, within-group analyses revealed that the MDD group
showed increased avoidance-related STN activation compared
with approach-related STN activation (t138 = 22.06, 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 = 2.57, 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 frontal gyrus (IFG) (ps , .01, whole-brain corrected) (Figure 2E). In
the MDD group, decreasing levels of avoidance-related activation 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 (Ave1)
and (B) chosen aversiveness (ChA1) neurons. (C)
Proportion of aversiveness neurons among all classiﬁed 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 aversiveness neurons (Ave1 and ChA1). The size of red
and gray circles indicates the number of aversiveness and task-related neurons at each location,
respectively. Black stars on red circles indicate the
locations in which proportions of conﬂict units to
task-related units were signiﬁcantly larger than the
average (*p , .05, Fisher’s exact test). Note: Units
classiﬁed with activity correlated positively (1) with
offered aversiveness and chosen aversiveness. AP,
anterior-posterior; AS, arcuate sulcus; CS, cingulate
sulcus; PS, principal sulcus.
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higher perceived stress at follow-up (ps , .03). Thus, ROI 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 nonconﬂict 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 = 20.66) (Figure 3A) and DLPFC (t155 =
3.62, p , .001, d = 20.56) (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 = 2.54, p = .04)
and perceived stress at MRI (r = 2.54, p = .05). Thus, in ROI analyses, 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 conﬂictrelated activation in the pACC/dACC and caudate (p , .001,
whole-brain corrected) (Figure 3C). In MDD, decreasing conﬂictrelated activation was associated with greater baseline depression severity (r = 2.57, 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 trialby-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 corrected) (Supplemental Figure S4). These clusters did not survive 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 aversiveness. The data analyzed here were not previously published, 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).

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 activity 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 ApAv 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 speciﬁcally for Ap-Av conﬂict. The distribution of these conﬂict units
was not limited to the pACC (area 32) and was also observed in a
broader region including the dACC (area 9) (Figure 4D), resembling 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
(35–37). 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 surrounding 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

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

405

Biological
Psychiatry

Approach-Avoid Conﬂict Across Species

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 species, conﬂict and aversiveness were associated with activation in
regions of the ACC, validating targets emerging from fMRI analyses. 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 activation 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 corticobasal 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 increases avoidance (28) and depressive symptoms (40) in
humans.
As hypothesized, and conﬁrming cross-species participation 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 depression 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 MPFCstriatal circuit in aberrant valuation of rewards and punishments, demonstrating similar effects of chronic stress and
optogenetic inhibition of the medial prefronto-striosomal circuit (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 asymmetries 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 characterized by reduced bilateral DLPFC approach-related activation (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 demonstrated that activation of DLPFC neurons signaled low motivation (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 aversion, 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 trials), 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 requirements (50) or cognitive demands (51). Here, we focused
on Ap-Av conﬂict in which participants need reconciliation
between positive and negative emotional responses. Surprisingly, 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 activated by conﬂict in the NHPs (Figure 4), was associated with
depression severity and perceived stress in MDD.
Further cross-species integration stems from the comparison 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 highlighting 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 activity 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 signiﬁcantly more approach decisions than avoid decisions, indicating that the aversiveness of the affective images may have
not been potent enough to produce behavioral group differences. Second, whole-brain fMRI analyses were corrected, but
the ROI-based regression analyses report corrected and uncorrected 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 MDDrelated 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 ApAv conﬂict model that can be used in humans and NHPs,
deﬁning a neural model of avoidance and conﬂict that correlates with and predicts the symptoms of MDD.
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