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Clinical, behavioral, and neural measures of reward processing
correlate with escitalopram response in depression: a Canadian
Biomarker Integration Network in Depression
(CAN-BIND-1) Report
Katharine Dunlop 1, Sakina J. Rizvi2,3,4, Sidney H. Kennedy2,3,4,5, Stefanie Hassel6, Stephen C. Strother 7, Jacqueline K. Harris8,
Mojdeh Zamyadi7, Stephen R. Arnott7, Andrew D. Davis 9, Farrokh Mansouri 10, Laura Schulze2, Amanda K. Ceniti2,3,
Raymond W. Lam 11, Roumen Milev12,13, Susan Rotzinger3,4,5, Jane A. Foster5,9, Benicio N. Frey 9,14, Sagar V. Parikh15,
Claudio N. Soares12, Rudolf Uher16, Gustavo Turecki 17, Glenda M. MacQueen6 and Jonathan Downar 2,4,5

Anhedonia is thought to reflect deficits in reward processing that are associated with abnormal activity in mesocorticolimbic brain
regions. It is expressed clinically as a deficit in the interest or pleasure in daily activities. More severe anhedonia in major depressive
disorder (MDD) is a negative predictor of antidepressant response. It is unknown, however, whether the pathophysiology of
anhedonia represents a viable avenue for identifying biological markers of antidepressant treatment response. Therefore, this study
aimed to examine the relationships between reward processing and response to antidepressant treatment using clinical,
behavioral, and functional neuroimaging measures. Eighty-seven participants in the first Canadian Biomarker Integration Network
in Depression (CAN-BIND-1) protocol received 8 weeks of open-label escitalopram. Clinical correlates of reward processing were
assessed at baseline using validated scales to measure anhedonia, and a monetary incentive delay (MID) task during functional
neuroimaging was completed at baseline and after 2 weeks of treatment. Response to escitalopram was associated with
significantly lower self-reported deficits in reward processing at baseline. Activity during the reward anticipation, but not the
reward consumption, phase of the MID task was correlated with clinical response to escitalopram at week 8. Early (baseline to week
2) increases in frontostriatal connectivity during reward anticipation significantly correlated with reduction in depressive symptoms
after 8 weeks of treatment. Escitalopram response is associated with clinical and neuroimaging correlates of reward processing.
These results represent an important contribution towards identifying and integrating biological, behavioral, and clinical correlates
of treatment response. ClinicalTrials.gov: NCT01655706.

Neuropsychopharmacology (2020) 45:1390–1397; https://doi.org/10.1038/s41386-020-0688-x

INTRODUCTION
Anhedonia, a persistent reduction in interest or pleasure in daily
activities, is a core clinical feature of MDD that can be studied from
clinical, behavioral, and neurobiological perspectives. Anhedonia
subsumes three core maladaptive behaviors: (1) dysfunction
in motivated behavior for a reward (wanting/anticipatory); (2)
reduction in experience of pleasure (liking/consummatory); and
(3) disrupted reward learning [1]. Several studies have indepen-
dently reported that greater pre-treatment behavioral and clinical
deficits in reward learning and anhedonia are related to poor
acute antidepressant response [1], long-term antidepressant
response [2], and non-invasive brain stimulation response [3].

The possibility that anhedonia and its biological substrates might
predict treatment response in MDD is important because although
numerous treatment strategies are available, only one-third of
patients remit during their first intervention, and the probability of
achieving remission declines with each successive monotherapy
[4, 5]. Consequently, a major goal of current psychiatric research is
to identify markers that increase the likelihood of predicting who
will respond to a given antidepressant treatment.
Many of the neurobiological underpinnings of anhedonia have

been observed during behavioral paradigms such as the monetary
incentive delay (MID) task. Studies of the MID task in MDD support
an association between deficits in reward anticipation and lower
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activity in frontostriatal networks including the anterior cingulate
cortex (ACC) and middle/medial frontal gyri [6–9]. Deficits during
reward consumption have been associated with decreased activity
in basal ganglia [10–13], which, independent of diagnosis, may be
related to underlying dopaminergic [7, 13] and serotonergic
dysfunction [14]. Individuals with MDD also display substantial
heterogeneity in relation to anhedonia, possibly reflecting
biological subtypes of the disorder [15], and possibly accounting
for why not all studies report significant differences between
control and MDD participants during reward processing [16].
There is also further evidence that this heterogeneity in clinical

and biological markers of reward processing may predict response
to antidepressant treatments. For example, one study recently
identified four MDD ‘biotypes’ related to anhedonia and anxiety,
with biotype membership and its corresponding abnormal
functional connectivity (FC) predicting treatment responsiveness
to non-invasive brain stimulation with >85% accuracy [15]. High or
sustained frontostriatal connectivity or activity stemming from the
ventral striatum (VS) during anticipation or receipt of reward is
associated with response to psychotherapy [16–18] and with
adjunctive pharmacotherapy [19].
Pharmacotherapy-induced changes in frontostriatal responses

during reward processing in MDD appear rapidly. Increased
frontostriatal connectivity and striatal activity during reward
processing was observed following a single psychotropic dose
relative to placebo [20], and caudate resting-state dynamics
change within 5 h of escitalopram administration [21]. Such
increases in reward sensitivity related to antidepressant response
and caudate function persist at 12 weeks of treatment [22].
Crucially, our group recently reported that self-reported improve-
ments in reward sensitivity within the first 2 weeks of escitalopram
treatment predicted later response [23]. It is not fully understood
whether escitalopram response is related to early changes in
frontostriatal activity during reward preprocessing.
The aim of this study is to determine whether the clinical,

behavioral, and neural circuitry correlates of reward processing
predict antidepressant response to 8 weeks of escitalopram, a
first-line pharmacotherapy. In response to previous work [1–3],
we hypothesized that clinically greater baseline severity of self-
reported anhedonia would be associated with poor escitalopram
response. We also predicted that task-related response time
would be inversely correlated with symptom improvement.
Consistent with previously published work in psychotherapy [17],
we hypothesized that lower baseline frontostriatal activity and
connectivity during the reward anticipation and consumption
phases of a reward processing task would correlate with
response to escitalopram. As in previous studies and in a recent
report from our group assessing the utility of early change in
symptom severity as a mediator of antidepressant response
[24, 25], we predicted that early (baseline to week 2 of treatment)
increases in frontostriatal activity and connectivity during the
same task would correlate with later escitalopram response after
8 weeks of treatment. Lastly, given that baseline correlates of
reward processing have been shown to predict early treatment-
associated changes [23], we performed an exploratory multiple
linear regression model to examine the relationships between
baseline predictors and early frontostriatal change with later
escitalopram response.

METHODS
Participants
Participants were recruited at six academic sites across Canada
as part of the first Canadian Biomarker Integration Network
in Depression protocol (CAN-BIND-1). The overarching goal of
CAN-BIND-1 was to identify and integrate biomarkers of response
to antidepressant monotherapy and adjunctive therapy [25] using
neuroimaging, electrophysiology, neurocognitive testing, and

genomic, transcriptomic, and proteomic profiling. Briefly, partici-
pants in the MDD group had a current Major Depressive Episode
and scored 24 or higher on the Montgomery–Åsberg Depression
Rating Scale (MADRS) [26]. In addition, healthy control (HC)
participants with no psychiatric history were recruited and
completed the same assessment protocol without receiving
antidepressant medication. Details of the full trial protocol are
described elsewhere [25] and in Supplementary Materials. All
participants gave informed and voluntary consent, and the study
was approved at each site by its respective Research Ethics Board.
Here we include participants who completed clinical measures of
anhedonia and functional neuroimaging designed to evaluate
brain activity associated with reward processing.

Treatment
The protocol and main clinical outcomes have been described
previously [25]. Briefly, 211 eligible MDD participants completed a
baseline visit and initiated open-label treatment with escitalopram
(10–20mg daily) for 8 weeks, at a flexible dose based on clinical
improvement and tolerability. Of these participants, 180 com-
pleted the week 8 visit. A HC group (n= 112) completed the same
protocol but did not receive escitalopram and served as a
comparator group (ClinicalTrials.gov: NCT01655706).

Assessments
The MADRS was used to assess baseline symptom severity and
change during treatment. Change in MADRS score was treated as
a continuous variable, defined as the percent change in MADRS
from baseline to week 8. Two self-report questionnaires were used
to characterize anhedonia: the Snaith–Hamilton Pleasure Scale
(SHAPS) [27], which consists of 15 items, with higher scores
reflecting greater consummatory anhedonia; and the Dimensional
Anhedonia Rating Scale (DARS) [28], a 17-item questionnaire that
assesses four domains of hedonic function, with lower scores
indicating more severe deficits in these domains. Both the DARS
and SHAPS were completed at baseline and at week 8 by all
participants.

MRI acquisition
High-resolution anatomical and task-based fMRI data were
collected at six sites. During neuroimaging, MDD and HC
participants completed either the MID task discussed in this
manuscript, or an emotional conflict task reported elsewhere [29].
Of the 117 MDD and 52 HC participants who completed the MID
task at baseline, scans of 87 MDD and 46 HC participants met
the fMRI quality assurance standards outlined in Supplementary
Materials.
The MID task is a behavioral paradigm used to assess

anticipatory and consummatory responses to reward [8, 12, 30–
32] (Supplementary Materials). Briefly, participants are presented
with a visual cue indicating whether the current trial is or is not
associated with a monetary reward. Only successfully executed
trials with a monetary incentive cue are rewarded. This version of
the MID task did not include monetary loss trials. Furthermore, the
magnitude of reward during incentivized trials did not change
across trials. Neuroimaging was acquired at baseline, and after 2
and 8 weeks of escitalopram treatment. Acquisition parameters
and standardization procedures across sites are available in
Supplementary Materials and is published elsewhere [33].

fMRI preprocessing & statistical analysis
Site differences in clinical and behavioral data were assessed at
both timepoints (baseline and week 2) and were included as
covariates in a partial correlation analysis to establish the relation-
ships between clinical or behavioral measures and percent
escitalopram improvement. All partial correlations were performed
using bootstrapping with 10,000 iterations using SPSS (version 21,
IBM Corp., Chicago, USA).

Clinical, behavioral, and neural measures of reward processing correlate. . .
K Dunlop et al.

1391

Neuropsychopharmacology (2020) 45:1390 – 1397



Preprocessing of fMRI data was performed using FSL (v5.0.10)
[34] and is summarized in Supplementary Materials. Individual-
level statistics were generated using an event-related general
linear model design. All stimuli and responses were modeled as
explanatory variables and convolved to the double-gamma
blood-oxygen-level dependent (BOLD) response function.
Similar to previous studies [12, 17, 20, 35], a generalized
psychophysiological interaction analysis was also performed at
the single-subject level using the time-series from a VS region of
interest extracted from the Harvard-Oxford subcortical atlas [36]
(Supplementary Materials). The VS was selected as the only ROI
due to its well-established role in reward processing during this
paradigm, and its task-based FC during reward processing
has been implicated in psychotherapy response [12, 17, 20].
VS-FC was modeled as an explanatory variable along with
other stimulus/response regressors at the single-subject level
and an interaction variable corresponding to the interaction of

whole-brain VS-FC to reward anticipation (incentivized > non-
incentivized cues) and reward consumption (rewarded > neutral
feedback).
Group-level statistics were performed using a mixed-effects

general linear model to identify significant differences in the
hemodynamic response during reward anticipation and consump-
tion (incentivized > non-incentivized cues; rewarded > neutral
feedback) and the interaction in VS-FC during the same conditions
between MDD and HC groups. Group-level statistics were used to
identify baseline and early change (baseline to week 2) associated
with response using a linear regression analysis, based on percent
MADRS improvement from baseline to week 8. All group-level
statistics accounted for recruitment site, age, sex, and baseline
MADRS severity. The resultant group-level maps were cluster-
corrected by a height threshold of p < 0.001, with a corrected
cluster significance threshold of p < 0.05, two-tailed. For the four
contrasts assessing predictors of outcome at either baseline or
during early (baseline to week 2) change, we further thresholded
the statistics at a cluster significance of p < 0.05/8, two-tailed
(i.e., cluster-p for each tail < 0.003). For each participant, the mean
parameter estimates of significant clusters were extracted to
visualize statistically significant results.

Exploratory integrated analysis
All baseline correlates and early changes associated with MADRS
improvement were inputted in a multiple linear regression model
to determine the independent associations of each of these
findings with MADRS improvement. Site, sex, age, and baseline
MADRS severity were inputted as covariates, and only main effects
were investigated.

RESULTS
Demographic and clinical results
Age, sex, and handedness did not differ among the MDD and HC
groups, nor did these demographic variables differ between
recruitment sites (Table 1; Supplementary Tables 1 and 2). The
mean percent improvement in the MDD group on the MADRS
from baseline to week 8 was 49.5 ± 30.1% (Fig. 1a). Mean MADRS
scores in the HC group did not change significantly from baseline
to week 8 (t(42)=−0.75, p= 0.46). Demographic and clinical
results separated by categorical treatment status (response
defined as ≥50% MADRS improvement at week 8) are summarized
in Supplementary Results.
We performed a partial correlation, controlling for age, sex, and

recruitment site, to determine whether baseline scores or week 2
percent improvement on the MADRS predicted week 8 improve-
ment. Baseline MADRS score did not significantly correlate with

Table 1. Summary of demographic and clinical measures for HC and
MDD participants.

Healthy controls MDD

Mean SD Mean SD

n Female 29 – 58 –

n Right-handed 37 – 79 –

Age 35.31 12.22 33.61 11.46

MADRS

Baseline 0.89 1.73 29.53 5.23

Week 2 0.79 1.55 21.99 7.62

Week 4 – – 17.97 8.85

Week 6 – – 15.54 8.52

Week 8 1.14 2.04 15.00 9.12

Percent improvement – – 49.54 30.05

SHAPS

Baseline 1.36 2.05 6.93 3.64

Week 8 0.72 1.16 4.06 3.77

DARS

Baseline 59.65 9.10 32.98 13.45

Week 8 60.21 7.79 43.53 16.83

DARS Dimensional Anhedonia Rating Scale, MADRS Montgomery-Åsberg
Depression Rating Scale, MDD major depressive disorder; SD standard
deviation, SHAPS Snaith–Hamilton Pleasure Scale.
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Fig. 1 Box plots representing depression and anhedonia severity for MDD and HC groups. a MADRS improvement at baseline, week 2 and
week 8. b DARS improvement at baseline and week 8. c SHAPS improvement at baseline and week 8. The hinges of the box plots represent
the first quartile to the third quartile; whiskers represent the 95% confidence interval, with the exception of outliers (scores that fall outside of
the 95% confidence interval; circles) and extreme outliers (scores that are three times the height of box; asterisks).
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antidepressant improvement at 8 weeks (r=−0.065 ± 0.11, FDR-
corrected-p= 0.56, df= 81, 95% CI: −0.28, 0.16). There was a
strong correlation, however, between the percent change from
baseline to week 2 and the percent change at 8 weeks, such that
early improvement in MADRS at week 2 correlated with greater
MADRS improvement at week 8 (r= 0.46 ± 0.09, FDR-corrected
p= 0.002, df= 82, 95% CI: 0.27, 0.61).
After controlling for age, sex, and recruitment site, only baseline

DARS scores significantly correlated with change in MADRS score
(Fig. 1b, c), such that less severe baseline DARS scores significantly
correlated with greater MADRS percent improvement at week 8
(r= 0.27 ± 0.10, FDR-corrected p= 0.04, df= 81, 95% CI: 0.07,
0.47). Baseline SHAPS, however, failed to reach significance prior
to correcting for multiple comparisons (r=−0.14 ± 0.10, uncor-
rected p= 0.053, df= 81, 95% CI: −0.32, 0.05).

MID task behavioral results
There were no significant differences in baseline RT between the
MDD and HC groups (Supplementary materials). After control-
ling for age, sex and recruitment site and for multiple
comparisons, faster RT at baseline was associated with greater
week 8 antidepressant improvement for non-incentivized miss
trials (r= -0.27 ± 0.11 SE [95% CI: −0.47, −0.05], FDR-corrected
p= 0.04) but no other trial conditions (Incentivized Hits r=
−0.24 ± 0.12 SE [95% CI: −0.45, −0.002], FDR-corrected-p= 0.06;
Incentivized Misses r=−0.21 ± 0.12 SE [95% CI: −0.43, 0.03],
FDR-corrected p= 0.07; Non-Incentivized Hits r=−0.22 ± 0.12
SE [95% CI: −0.44, −0.02], FDR-corrected p= 0.07).

Baseline and week 2 fMRI results
The baseline anticipatory reward contrast revealed a robust
network of higher and lower activation to the incentivized > non-
incentivized cue and rewarded > neutral feedback contrasts in both
MDD and HC participants (Supplementary Materials). There were no
significant pre-treatment differences with respect to BOLD activity
or VS-FC during reward anticipation or reward consumption
between MDD and HC groups. The anticipatory and consummatory
reward contrasts at week 2 revealed a similarly robust network of
higher and lower activation to incentivized cues in both MDD and
HC participants (Supplementary Materials). Similar to baseline, there
were no significant differences with respect to BOLD activity or VS-
FC during reward anticipation or consumption between MDD and
HC groups at week 2. There was no significant mean change in
BOLD response and VS-FC during the anticipatory or consummatory
reward phases of the MID task between baseline and week 2.

fMRI correlation with MADRS improvement
BOLD response and VS-FC during the anticipatory and consum-
matory reward phases of the MID task at baseline did not
significantly correlate with change in MADRS at 8 weeks. Among
MDD participants who completed both baseline and week 2
neuroimaging (n= 81), only a change in frontostriatal connectivity
during reward anticipation between baseline and week 2 sig-
nificantly correlated with percent MADRS improvement at week 8
(Table 2 Fig. 2). Early increases in VS-FC to the bilateral rostral
anterior ACC were positively correlated with baseline to week 8
MADRS improvement (r= 0.39 ± 0.09 SE (95% CI: 0.20, 0.55), p=
0.0003). This finding was not significantly correlated with baseline
to week 2 changes in framewise displacement (p > 0.09).

Post-Hoc fMRI correlation with DARS improvement
Interestingly, baseline to week 2 increases in frontostriatal
connectivity did not significantly correlate with baseline to week
8 DARS change (ρ= 0.13, p= 0.28, df= 72, 95% CI: −0.06, 0.33)
but did with baseline to week 8 SHAPS (ρ=−0.23, p= 0.045, df =
72, 95% CI: −0.42, −0.04). SHAPS and DARS change were highly
correlated (ρ=−0.40, p= 0.0004, df = 73, 95% CI: −0.60, −0.16),
with the trend such that baseline to week 8 improvements in
anhedonia were correlated with early increases in frontostriatal
connectivity during reward anticipation.

Exploratory integrated analysis
A multiple linear regression model was used to determine the
independent contributions of baseline and early change predictors

Table 2. Significant clusters during the MID task that correlated with
MADRS improvement. Early changes (baseline to week 2) in ventral
striatum functional connectivity during reward anticipation that
correlated with later (week 8) MADRS improvement.

Region # voxels cluster-p z-max MNI

x y z

Ventral striatum gPPI correlated to MADRS improvement: incentivized
> non-incentivized cues

Bilateral rostral ACC (BA32) 286 0.0007 4.33 −10 52 6

ACC anterior cingulate cortex, BA Brodmann area, gPPI generalized
psychophysiological interaction, MNI Montreal Neurological Institute.
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Fig. 2 Early (baseline to week 2) Increases in VS-rostral ACC Connectivity Correlates with Week 8 Escitalopram Improvement. a Increased
functional connectivity in the MDD group (n= 82) during reward anticipation from the bilateral ventral striatum to the rostral ACC
(orange–yellow) significantly correlates with MADRS improvement. b Correlation of MADRS improvement with the change in VS functional
connectivity during reward anticipation from baseline to week 2. Percent MADRS improvement was calculated such that a value of 100%
represented a full improvement at week 8 (i.e., week 8 MADRS= 0).
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of week 8 MADRS improvement. Main effects for baseline DARS
score, RT during incentivized misses, early (baseline to week 2)
MADRS improvement and parameter estimates representing early
change in frontostriatal connectivity during reward anticipation
were including in this model (full model R2= 0.44). In this model,
early MADRS improvement (estimate= 0.38, 95% CI: 0.11, 0.17, t=
3.64, p= 0.0005), early frontostriatal connectivity change during
reward anticipation (estimate= 0.44, 95% CI: 0.23, 0.64, t= 4.30, p=
0.0001), and age (estimate= 0.26, 95% CI: 0.05, 0.46, t= 2.50, p=
0.02) were significantly associated with week 8 MADRS improve-
ment. Baseline DARS (estimate= 0.06, 95% CI: −0.15, 0.27, t= 0.56,
p= 0.58) and baseline RT (estimate=−0.06, 95% CI: −0.26, 0.15,
t=−0.55, p= 0.59) were not significant in this model. Variance
inflation factor ranged between 1.04 and 1.17, indicating low
collinearity between variables.

DISCUSSION
This study aimed to examine the relations between reward
processing and response to antidepressant treatment using
clinical, behavioral, and functional neuroimaging measures. In 87
individuals treated with escitalopram, clinical correlates of reward
processing were assessed at baseline and a MID task during
functional neuroimaging was completed at baseline and after
2 weeks of treatment. The principal finding is that lower baseline
anhedonia severity, as assessed by the DARS, and faster baseline
RT during one MID task condition correlated with MADRS
improvement after 8 weeks of escitalopram. Furthermore, early
increases in the functional connectivity between the VS and rACC
during the reward anticipation phase of the MID task were
associated with escitalopram improvement at 8 weeks. Contrary to
our other hypotheses, neither baseline BOLD activity, VS-FC during
reward anticipation nor during reward consumption correlated
with week 8 MADRS improvement. To our knowledge, the present
study is the first to report clinical, behavioral, and neural
dimensions of reward processing that correlate with escitalopram
response.
The results of the present study suggest that the presence of

severe pre-treatment anhedonia may indicate the earlier use of
adjunctive pharmacotherapies or alternative interventions. Consis-
tent with these findings, others have observed that high baseline
anhedonia and poor reward learning were associated with poor
symptomatic improvements following acute [1, 3, 16, 37] and long-
term monotherapies [2]. Notably, many [2, 3, 16] of these previous
studies involving a clinical measure of anhedonia or reward
processing rely on a post-hoc composite ‘anhedonia score’, based
on an individual item from a depression severity measure such
as the Beck Depression Inventory [38] or Hamilton Rating Scale
for Depression [39]. In sum, the findings of the present study
support the use of measures that specifically assess reward
processing across dimensions (clinically, behaviorally, and based
on neuroimaging tasks) in the search for predictors of response to
pharmacotherapies.
Of note, the baseline scores on the DARS significantly correlated

with escitalopram response, while there was a similar trend on the
SHAPS. Conversely, SHAPS improvement correlated with frontos-
triatal change associated with escitalopram response. A validation
study of the DARS found a strong correlation between DARS and
SHAPS, and between the DARS and depression severity in MDD
[28]. Unlike the SHAPS, DARS also includes questions related to
interest, effort and motivation across four sensory domains
(hobbies/activities, food/drink, social, and sensory). Furthermore,
the DARS is both qualitative and quantitative: for example,
participants first identify at least two of their own favorite activities
or sensations and rate their immediate desire for or ability to enjoy
those specific experiences. The inclusion of these personalized
items assessing motivation and effort, in addition to consumma-
tory pleasure, in the DARS may represent a more sensitive baseline

measure to evaluate anhedonia as a marker of escitalopram
response. However, SHAPS improvements correlated more
strongly with frontostriatal increases during reward anticipation.
Future work is needed to disentangle the longitudinal and
independent relationships of the SHAPS and DARS with anti-
depressant response, particularly with respect to underlying
changes in neuronal function.
Unlike previous studies [16, 17, 19], we were unable to detect

a significant correlation between baseline fMRI activity during
the MID task and treatment response. In contrast, stronger
baseline frontostriatal function during a reward task has been
observed and related to psychotherapy response in three
previous reports. In the first report, anticipation during the
MID task was associated with favorable response to psychother-
apy [17]; in the second, higher baseline striatal and decreased
medial prefrontal activity during both reward anticipation and
the receipt of rewards was associated with clinical improvement
with psychotherapy [19]; and in the third, sustained baseline
ACC hyperactivity during reward receipt in the MID task was
noted in those who responded to psychotherapy [16]. It is
possible that baseline differences in reward processing during
the MID task specifically predict responsivity to psychotherapy,
but not to pharmacological interventions.
Behaviorally, there was a general trend toward faster baseline

RT during the MID task correlating with antidepressant improve-
ments. Previous studies also provide evidence that faster RT
during reward processing is associated with favorable psychother-
apy outcomes [16]. Faster RT may indicate more motivated
responding during the task [11]. Furthermore, in a large, multi-site
study assessing biological subtypes of MDD reported that high
anhedonia and psychomotor retardation together were associated
with a distinct pattern of abnormal resting-state functional
connectivity [15]. Interestingly, this association between anhedo-
nia and psychomotor retardation identified in this neurobiological
dimension provides support for our findings that both self-
reported anhedonia and RTs are independently associated with
escitalopram improvement.
We also observed that both early improvements in depression

severity and increased frontostriatal connectivity after 2 weeks
correlated with escitalopram improvement at 8 weeks; both of
these findings survived in a multiple linear regression predicting
escitalopram improvement at 8 weeks. This finding aligns with
previously published work by our group reporting early improve-
ments in depression severity and reward processing and early
increases in oscillatory power as predictors of escitalopram
response [23, 25, 40], and the notion that neurobiological
measures of anhedonia and reward processing are mediated by
serotonin function [14]. Furthermore, in two meta-analyses, early
clinical improvement was associated with antidepressant response
[41, 42]. Similarly, in independent studies, early neurobiological
increases in rACC function within the first 2 weeks of treatment
correlated with response to non-invasive brain stimulation [43], as
well as response to an antidepressant in participants diagnosed
with late-life depression [44]. In a subsequent study by the same
group, early increases in rACC connectivity, measured by resting-
state electroencephalography, predicted treatment-nonspecific
remission by week 8 [24]. To our knowledge, the current study
is the first to show that early increases in rACC connectivity during
reward anticipation is associated with later antidepressant
response.
An integrated post-hoc analysis revealed that early symptom

reduction and frontostriatal change during reward anticipation
each independently predicted later antidepressant improvement
with escitalopram. A number of previous trials have reported early
symptomatic improvements irrespective of treatment arm [45–48],
potentially obscuring the true antidepressant or biological effects
of the drug and impeding signal detection. Future work should
aim to disentangle the independent contributions of true
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antidepressant and placebo responses during the early stages of
treatment, and their relationships with neurobiological change.
We did not observe significant baseline or week 2 group

differences in task-evoked BOLD activity, even though the mean
activations of both the HC and MDD groups during reward
anticipation correspond with previous publications of the MID task
[49, 50]. However, the fact that these two groups did not significantly
differ is in contrast to some [11] but not all [16, 30] prior reports. Two
possibilities could explain these differences. First, the MID task
design of the current study did not include losses or changes in the
magnitude of monetary gains, which have been previously shown to
dissociate HC from MDD participants [30, 51]. Second, a previous
study showed that genetic polymorphisms related to dopaminergic
function were associated with inter-individual variability during the
MID task in healthy volunteers [52]. Future analyses within CAN-BIND
platforms are planned to integrate task-based neuroimaging with
genetic polymorphism data.
The study has several limitations. The predictors we report here

are derived from a single sample and require confirmation in an
independent cohort. This study did not include a placebo arm,
since the primary study aim was not to establish the efficacy of
escitalopram, but rather to distinguish the phenotype of
responders vs. non-responders to this common treatment. While
the total sample size was relatively large, the various potential
clinical subgroups of MDD may not have been adequately
powered to detect subtle changes in behavioral or imaging
measures.
In conclusion, we found that baseline clinical and behavioral

measures of reward processing, in addition to an early change in
depression severity and frontostriatal connectivity during reward
anticipation, were each significantly associated with antidepres-
sant response. Importantly, these differences remained significant
even after co-varying for recruitment site, age, sex, and baseline
severity. In an integrated post-hoc analysis, early symptom and
frontostriatal change during reward anticipation each indepen-
dently predicted later escitalopram improvement. These results
are an important step toward characterizing the role of anhedonia
and its biological underpinnings in MDD, including understanding
whether anhedonia has a role in predicting response to treatment.
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