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Intrinsic reward circuit connectivity profiles underlying
symptom and quality of life outcomes following antidepressant
medication: a report from the iSPOT-D trial
Adina S. Fischer1, Bailey Holt-Gosselin1, Scott L. Fleming 1,2, Laura M. Hack1, Tali M. Ball1, Alan F. Schatzberg1 and
Leanne M. Williams 1

There is a critical need to better understand the neural basis of antidepressant medication (ADM) response with respect to both
symptom alleviation and quality of life (QoL) in major depressive disorder (MDD). Reward neurocircuitry has been implicated in
QoL, the neural basis of MDD, and the mechanisms of ADM response. Yet, we do not know whether change in reward
neurocircuitry as a function of ADM is associated with change in symptoms and QoL. To address this gap in knowledge, we
analyzed data from 128 patients with MDD who participated in the iSPOT-D trial and were assessed with functional neuroimaging
pre- and post-ADM treatment (randomized to sertraline, venlafaxine-XR, or escitalopram). 58 matched healthy controls were
scanned at the same time points. We quantified functional connectivity (FC) of reward neurocircuitry using nucleus accumbens
(NAc) seed regions of interest, and then characterized how changes in FC relate to symptom response (primary outcome) and QoL
response (secondary outcome). Symptom responders showed an increase in NAc-dorsal anterior cingulate cortex (ACC) FC relative
to non-responders (p < 0.001) which was associated with improvement in physical QoL (p < 0.0003), and a decrease in NAc-inferior
parietal lobule FC relative to controls (p < 0.001). QoL response was characterized by increases in FC between NAc-ventral ACC for
environmental, NAc-thalamus for physical, and NAc-paracingulate gyrus for social domains (p < 0.001). Symptom responders to
sertraline were distinguished by a decrease in NAc-insula FC (p < 0.001) and to venlafaxine-XR by an increase in NAc-inferior
temporal gyrus FC (p < 0.005). Findings suggest that change in reward neurocircuitry may underlie differential ADM response
profiles with respect to symptoms and QoL in depression.

Neuropsychopharmacology (2021) 46:809–819; https://doi.org/10.1038/s41386-020-00905-3

INTRODUCTION
Major depressive disorder (MDD) is experienced by over 17 million
Americans annually [1], and is a leading cause of disability with
devastating effects on quality of life (QoL) [2]. Clinical trials have
focused on treatment response based upon clinically assessed
symptoms as the outcome measure [3]. Yet, it is increasingly
evident that impairments in QoL can persist for years, even after
“successful” treatment of depressive symptoms [4]. Thus, the first
premise of the current study was that it is important to consider
response assessed by change in QoL as well as by change in
symptoms. The second premise was that in order to advance our
understanding of the neural mechanisms by which some patients
do not respond to ADMs, in regard to symptoms and/or QoL, it is
important to also undertake trials that incorporate direct measures
of neural function such as with functional neuroimaging.
Qualitative analyses indicate that improvement in QoL may be

of equal or of greater importance to patients as improvement in
symptoms [5]; yet, very few clinical trials to-date have incorpo-
rated QoL as an outcome measure of treatment response in
depression [6]. Similarly, neuroimaging trials of treatment
response have focused on symptom outcomes defined by
traditional diagnostic criteria (e.g., the DSM) and assessed clinically

by scales such as the Hamilton Depression Rating Scale (HDRS),
but not with respect to change in QoL [7, 8]. The use of both
clinical symptom and QoL outcomes, together with functional
neuroimaging measures to understand the changes in brain
circuitry underlying such outcomes, has the potential to
contribute to a more nuanced understanding of patients’ lived
experience of “response” to treatment [7, 8].
Multiple neuroimaging studies have documented reward circuit

dysfunction in MDD (e.g., for meta-analysis [9]; for review [10]),
and dysfunction in reward processing has been implicated in ADM
response [11, 12]. Yet, we do not know whether change in reward
neurocircuitry as a function of ADM is associated with change in
symptoms and QoL. To address these gaps in knowledge, in this
prospective randomized-controlled ADM treatment trial we
focused on intrinsic functional connectivity (FC) of reward
circuitry, utilizing repeated functional neuroimaging scans, to
characterize change in neural circuitry in relation to improvement
with respect to both clinically-defined symptoms (primary out-
come) and QoL (secondary outcome). The first objective was to
(1a) test the hypothesis that MDD patients who were symptom
responders would be characterized by a greater pre-to-post ADM
increase in reward circuitry FC, particularly between the NAc and
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frontal cortical regions, relative to symptom non-responders and
healthy controls, and (1b) characterize the relationship between
changes in reward circuit FC profiles that distinguished symptom
responders from non-responders relative to improvement in QoL.
The second objective was to examine the hypothesis that patients
with MDD who demonstrate improvement in QoL (referred to as
“functional” response) would be characterized by unique profiles
of pre-to-post ADM change in reward circuitry. The third objective
was to explore differential profiles of change in reward circuit FC
according to the type of ADM that each patient was randomized
to receive: escitalopram, sertraline, or venlafaxine-XR.

METHODS
Study design
Data were collected as part of the International Study to Predict
Optimized Treatment for Depression clinical trial (iSPOT-D):
a randomized, parallel-model, open-lab repeated measure, long-
itudinal 8-week trial assessing candidate clinical and behavioral
response to three of the most commonly prescribed first-line ADM
[7]. For the iSPOT-D neuroimaging substudy, participants’ data
were collected at the Brain Dynamics Centre at the University of
Sydney and the sample size was selected to provide statistical
power of 80% and an effect size of 1 standard deviation for
analysis of predictive measures [8].

Participants
As per the iSPOT-D protocol [7, 8] all clinical participants met
criteria for MDD as assessed by the Mini-International Neuropsy-
chiatric Interview in accordance with the DSM-IV [13] and had a
score of ≥16 (at least moderate severity) on the Hamilton
Depression Rating Scale (HDRS17) [14]. All MDD participants were
either ADM naive or had undergone a wash-out period of at least
five half-lives at the start of the study. Exclusion criteria included
current or past diagnosis of psychosis, bipolar disorder, post-
traumatic stress disorder, obsessive-compulsive disorder, as well
as any contraindication to neuroimaging [7, 8]. The study was
conducted in accordance with the principles of the Declaration of
Helsinki 2008 and informed consent was obtained from all
participants.
The final sample included data for a total of 128 MDD

participants and 56 age, gender, and education matched healthy
controls with fMRI neuroimaging scans and both symptom and
QoL outcome measures acquired prior to treatment and at 8-week
follow-up (Supplementary Fig. 1; CONSORT chart). Selection of
these participants followed a rigorous artifact identification and
removal procedures suited to the goals of intrinsic FC analysis.
Participants with excessive artifact on either fMRI scan (i.e., >20%
of their volumes identified as exceeding motion criteria) or who
had missing clinical assessment data were not included in the
present study (for details; Study Supplementary S3).
Baseline age was significantly higher (F1,126= 8.46, p < 0.001) in

symptom non-responders relative to symptom responders and
controls. Race significantly differed between groups (χ28 = 19.51,
p= 0.01). Duration of illness was longer (t(126)=2.29, p= 0.02)
and sertraline dosage was higher (t(40)=3.79, p < 0.001) in
symptom non-responders compared to responders. There were
no between-group differences in baseline education, gender, or
occupation. There were no differences between symptom
responders and non-responders with respect to baseline HDRS
scores, comorbid anxiety diagnoses, age of MDD onset, escitalo-
pram dosage, or venlafaxine-XR dosage (all p’s>0.05). Participants
with a baseline HDRS score of 16–18 (mild-moderate severity) did
not significantly differ in symptom response rate relative to
participants with moderate-severe MDD (baseline HDRS > 18).
Demographic, change in symptom and QoL assessments, and
medication information are summarized in Table 1, with additional
detail in Supplementary Tables 2 and 3.

Study treatments
MDD participants were randomized to receive one of three first-
line ADM: sertraline, escitalopram, or venlafaxine-XR. Randomiza-
tion was carried out using PhaseForward’s™ validated, Web-based
Interactive Response Technology. A blocked randomization
procedure (block size of 12) was managed at the level of the
Global Coordinating Center in Sydney, Australia. Over the course
of study participation, medication doses were adjusted as
determined appropriate by clinicians in accordance with routine
clinical practice and recommended dose ranges. Due to the
practical trial design, clinicians and patients were not blind to
treatment assignment.

Criteria for response
The primary outcome—symptom response—was defined as a
50% or greater improvement according to the HDRS [8]
(administered by blinded clinician raters) in accordance with the
pre-registered iSPOT-D protocol and standard definition of clinical
symptom response to ADM [7, 15]. According to this criterion for
57% (n= 73) were classified as symptom responders and 43%
(n= 55) as non-responders (Table 1). The predetermined second-
ary outcome measure of change in QoL was assessed using the
World Health Organization QoL Assessment (WHOQOL) with
respect to four domains: physical health, psychological health,
social relationships, and external environment rated on a scale of
0–100 [16]. Functional response in QoL was defined as a 25% or
greater increase on each domain assessed in the WHOQOL, which
corresponds with substantial improvement given that the thresh-
old for healthy QoL is considered >70. According to this definition,
of patients with MDD 53% (n= 67) were responders in physical
and social domains, 76% (n= 95) were responders in the
psychological domain, and 30.4% (n= 38) in the environmental
domain (Supplementary Table S3). Unsurprisingly, symptom
responders had significantly greater improvement in QoL than
symptom non-responders pre-to-post treatment (Table 1, Supple-
mentary Table S2). However, there was not a direct overlap
between responders and non-responders defined by symptom
and QoL criteria (see Supplementary Table S5; Supplementary
Fig. S4).

Image acquisition
The neuroimaging data were collected using a 3.0-T GE signa
scanner and an eight-channel head coil. MR images were acquired
using echo planar imaging (TR= 2500ms, TE= 27.5 ms, matrix=
64 × 64, FOV= 24 cm, flip angle= 90°). In each volume, 40 slices
(each 3.5 mm thick) covered the whole brain. 120 volumes for
each task were acquired. Structural T1-weighted images were
obtained in the sagittal plane using a 3D spoiled gradient echo
sequence (TR= 8.3 ms; TE= 3.2 ms; flip angle= 11°, TI= 500 ms,
NEX= 1, ASSET= 1.5, matrix= 256 × 256). 180 contiguous slices
(each 1mm thick) covered the whole brain with an in-plane
resolution of 1 × 1mm2. Please refer to the Study Supplement for
a detailed description fMRI data acquisition (S1) and preprocessing
(S2) [17].
Intrinsic FC was derived from the residual time series from five

tasks with 120 volumes collected from each task for a total scan
time of 5min. The residual time series were concatenated following
the removal of task and covariate effects. General linear models
(GLMs) were used to model the BOLD responses for each
experimental condition for each task. Additional covariates included
the mean signal time course extracted from eroded ventricle and
white matter masks as well as the temporal masks derived from the
volume censoring for each task. The intrinsic FC signal was
estimated as the residual images after modeling the BOLD signal
for each stimulus of the above tasks as regressors of non-interest
after applying a very-low frequency band-pass filter (0.009 < f <
0.08 Hz) [18]. This procedure has been validated to correspond to
intrinsic FC extracted from standard resting scans [19–22].
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Analysis of group differences in demographic clinical and QoL data
The symptom responder, non-responder and control groups were
compared on demographic, clinical and QoL assessments using
one-way ANOVAs with post-hoc Tukey tests and chi-square tests,
as appropriate, using SPSS Version 24. Demographic, change in
symptom and QoL assessments, and medication information are
summarized in Table 1, with additional detail in Supplementary
Tables S2 and S3. We used R version 3.6.1 to perform linear
regressions.

Analysis of pre-to-post treatment change in reward circuit FC
We anatomically defined a priori bilateral NAc regions of interest
(ROIs) using the WFU PickAtlas (Fig. 1a). FC analyses were
conducted using a whole-brain seed-to-voxel approach in
CONN [17]. Pearson’s r correlation coefficients were computed
between the time course of each NAc seed and the time course of
all other voxels in the brain. Resulting correlation coefficients were
converted to z-scores using Fisher’s transformation and used as
inputs in second level GLM analyses to investigate between-group

Table 1. Demographic, clinical, and medication data.

Characteristic CTL HDRS-R HDRS-NR Statistical value P Value

Demographic information Mean (SD) Mean (SD) Mean (SD)

Baseline age 29.37 (11.48) 30.18 (9.01) 37.07 (12.70) F2,180= 8.46 <0.001*

Baseline education 14.73 (3.09) 14.53 (2.29) 14.23 (3.20) F2,180= 0.42 0.66

Gender n n n

Male 27 29 25 χ22 = 1.60 0.56

Female 28 44 30

Race and ethnicity n n n

White 49 44 36 χ28 = 19.51 0.01*

Asian 7 21 9

Black 0 0 2

Hispanic 3 1 2

Other/multiracial 0 7 6

Declined to state 1 0 0

Occupation n n n

Unemployed 0 4 3 χ26 = 13.71 0.03

Employed 26 40 38

Student 29 25 11

Retired 2 3 3

Clinical information Mean (SD) Mean (SD) Mean (SD)

Pre-to-Post Δ HDRS17 −0.22 (1.72) −15.90 (4.04) −6.25 (3.33) F2,179= 370.17 <0.001*

Pre-to-Post Δ WHOPhe 0.94 (6.05) 20.75 (12.64) 5.19 (10.64) F2,175= 63.77 <0.001*

Pre-to-Post Δ WHOPsy 0.70 (8.35) 26.21 (16.91) 11.52 (10.75) F2,175= 59.81 <0.001*

Pre-to-Post Δ WHOSoc 2.55 (13.15) 20.08 (19.10) 6.06 (16.85) F2,175= 19.48 <0.001*

Pre-to-Post Δ WHOEnv 1.51 (9.55) 10.81 (11.17) 5.44 (10.60) F2,175= 12.29 <0.001*

Age of illness onset — 19.85 (7.64) 22.58 (10.97) t(126)=1.66 0.10

Duration of illness — 10.00 (8.24) 14.32 (12.71) t(126)=2.29 0.02*

Anxiety diagnosis n n

Yes — 46 29 χ21 = 1.37 0.24

No — 27 26

Medication information

Dosage Mean (SD), n Mean (SD), n

Escitalopram — 12.31 (5.14), 26 14.25 (4.94), 20 t(44)= 1.29 0.20

Sertraline — 51.00 (11.37), 25 77.94 (32.93), 17 t(40)= 3.79 <0.001*

Venlafaxine-XR — 88.64 (29.61), 22 108.33 (38.35), 18 t(38)= 1.83 0.08

Equivalent dosagea Mean (SD), n Mean (SD), n

Escitalopram — 92.31 (38.58), 26 106.88 (37.05), 20 t(44)= 1.29 0.20

Sertraline — 76.50 (17.05), 25 116.91 (49.40), 17 t(40)= 3.79 <0.001*

Venlafaxine-XR — 88.64 (29.61), 22 108.33 (38.35), 18 t(38)= 1.83 0.08

For continuous variables, means and standard deviations are displayed for controls, responders, and non-responders. One-way ANOVAs and t-tests were
conducted for continuous variables of interest. For categorical variables, frequencies are displayed for controls, responders, and non-responders. Chi-square
tests were conducted for categorical variables of interest.
HDRS-R symptom responders (50% or greater improvement in HDRS); HDRS-NR symptom non-responders (<50% improvement in HDRS); CTL healthy controls;
M mean; SD standard deviation; HDRS17 Hamilton Depression Rating Scale; WHOPhe WHOQOL physical subdomain; WHOPsy WHOQOL psychological
subdomain; WHOSoc WHOQOL social subdomain; WHOEnv WHOQOL environmental subdomain.
aEquivalent dosage in venlafaxine-XR (7.5 × escitalopram, 1.5 × sertraline, 1 × venlafaxine-XR).
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differences. The significance voxel-level threshold was set to p <
0.001 for all primary analyses and to p < 0.005 for exploratory
subgroup analysis of ADM. To correct for multiple comparisons, a
cluster-level FDR threshold of p < 0.05 based on Gaussian field
theory was utilized for all analyses [23].

Primary outcome: treatment-related change in reward circuit FC as
a function of symptom response status and in relation to QoL
Two-tailed t-tests of change in FC pre-to-post treatment were
conducted to directly examine relative differences between
change in reward circuitry FC in (1) symptom responders versus
symptom non-responders, (2) symptom responders versus con-
trols, and (3) symptom non-responders versus controls (Table 2a).
Regression modeling was used to test whether discovered
associations between change in HDRS pre-to-post treatment and
change in FC in MDD subjects remained significant after

correcting for the effect of possible confounding covariates that
have been suggested in prior literature to be associated with
treatment response including: age [24], gender [25], race [26],
duration of illness [27], baseline symptom severity [28], medication
type [29], medication dose [30], and comorbid anxiety disorder
[31] (Table 2a and d). For interpretation of these results, individual
FC values from these significant clusters were extracted post-hoc
for follow-up analyses (Section S6 of the Study Supplement;
Supplementary Table S4; Supplementary Fig. S3).
Using regression modeling, we then examined whether those

changes in FC that were significantly associated with symptom
response vs. non-response were also associated with improve-
ment in QoL (Table 3a). Similarly, we assessed whether those
changes in FC that were significantly associated with response in
QoL were also associated with improvement in clinical symptoms
(Table 3b), as well as change in FC associated with improvement in

Fig. 1 Treatment response as function of symptoms. a Right and left NAc seed regions of interest (anatomically defined using the WFU
PickAtlas). Significant differences in pre-to-post treatment change in FC between symptom responders versus non-responders. b Symptom
responders had a significant increase in FC between the right NAc and the right dorsal anterior cingulate cortex (dACC) (peak coordinates 8,
−4, 38) compared to symptom non-responders (p < 0.001 voxel-level). There was a significant association between change in HDRS and right
NAc-dACC pre-to-post treatment change in FC (R=−0.31, p < 0.001). c Symptom responders also had a significant pre-to-post treatment
decrease in FC between the left NAc and the right inferior parietal lobule (peak coordinates 56, −32, 48) compared to CTL (p < 0.001 voxel-
level). d Sertraline responders had a significant pre-to-post treatment decrease in FC between the right NAc and the left insular cortex (peak
coordinates −32, −36, 4) compared to sertraline non-responders (p < 0.001 voxel-level). e Venlafaxine responders had a significant pre-to-post
treatment increase in FC between the right NAc and the right inferior temporal gyrus (peak coordinates 42, −36, −24) compared to
venlafaxine non-responders (p < 0.005 voxel-level). Box-and-Whisker plots depict significant pre-to-post treatment between-group differences
in FC. Color bars represents t values from the between-group paired t-tests.
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Table 2. Pre-to-post treatment change in functional connectivity.

Group characteristic Laterality Cluster size, MNI coordinates Between-group comparisons

mm3 x y z

a: Pre-to-post treatment change in FC in symptom (HDRS) responders vs. non-responders

Controls HDRS-R HDRS-NR

Right Nucleus Accumbens Seed

HDRS-R > HDRS-NR

Dorsal Anterior Cingulate Cortexc R 350 +08 −04 +38 −0.016 (0.142) 0.047 (0.138)* −0.063 (0.119)*

Left Nucleus Accumbens Seed

CTL > HDRS-R

Inferior Parietal Lobuled R 232 +56 −32 +48 0.043 (0.159)* −0.062 (0.140)* 0.002 (0.143)

HDRS-NR > CTL

Lateral Occipital Cortexd L 282 −18 −70 +30 −0.066 (0.136)* −0.003 (0.122) 0.073 (0.124)*

b: Pre-to-post treatment change in FC in quality of life (WHOQOL) responders vs. non-responders

WHO-R WHO-NR

Right Nucleus Accumbens Seed

WHOSoc-R >WHOSoc-NR

Paracingulate Gyrusa e R 346 +14 +54 −04 0.051 (0.143)* −0.044 (0.120)*

WHOPhe-R >WHOPhe-NR

Thalamuse R 341 +02 −34 +06 0.0167 (0.127)* −0.085 (0.129)*

c: Dimensional pre-to-post treatment change in FC associated with improvement in quality of life (WHOQOL) independent of HDRS (Residuals)f

Right Nucleus Accumbens Seed

WHOEnv

Ventral Anterior Cingulate Cortexe R 476 +04 +46 00 -- --

d: Pre-to-post treatment change in FC with specific antidepressants in symptom (HDRS) responders vs. non-responders

HDRS-R HDRS-NR

Right Nucleus Accumbens Seed

Sertraline

HDRS-R > HDRS-R

Insular Cortexb g L 263 −32 −36 +04 −0.054 (0.130)* 0.069 (0.107)*

Venlafaxine

HDRS-R > HDRS-NR

Inferior Temporal Gyrush R 461 +42 −36 −24 0.038 (0.124)** −0.084 (0.131)**

In each analysis, we tried to assess robustness of the association by adjusting for relevant potential confounding variables, namely age, gender, race, duration
of MDD illness, medication type, medication dose, baseline HDRS17, comorbid anxiety disorder, and change in HDRS17. We note, however, that some of these
variables were not relevant or appropriate to include in specific regression models. The reasons for excluding any one of these covariates from the adjustment
procedure is noted below.
HDRS-R symptom responders (50% or greater improvement in HDRS); HDRS-NR symptom non-responders (<50% improvement in HDRS); CTL Control; WHO-R
WHOQOL Responders (25% or greater improvement in WHOQOL); WHO-NR WHOQOL Non-Responders (<25% improvement in WHOQOL) with respect to the
following domains: physical (WhoPhe), social (WhoSoc) and environmental (WhoEnv).
*Significant between-group differences in pre-to-post treatment functional connectivity change.
Fischer Z Scores mean (SD) at p < 0.001 voxel level, p < 0.05 cluster-level FDR-correction.
**Significant between-group differences in pre-to-post treatment functional connectivity change; Fischer Z Scores mean (SD) at p < 0.005 voxel level, p < 0.05
cluster-level FDR-correction.
aIncludes portions of the frontal medial cortex and ACC.
bIncludes left superior temporal gyrus.
cSignificant after controlling for age, gender, race, duration of MDD illness, medication type, medication dose, baseline HDRS17, and comorbid anxiety disorder.
Adjusting for change in HDRS17 is not relevant here as the response categories of interest were defined by change in HDRS17.
dSignificant after controlling for age, gender, and race. We did not adjust for medication or disease-specific covariates here as they are not relevant to controls.
eSignificant after controlling for age, gender, race, duration of MDD illness, medication type, medication dose, baseline HDRS17, comorbid anxiety disorder, and
change in HDRS17.
fThe relationship between pre-to-post treatment changes in WHOQOL Environmental subscores and pre-to-post treatment changes in NAc-vACC functional
connectivity was identified not through group differences as with the ΔNAc-Paracingulate Gyrus and ΔNAc-Thalamus findings, but rather by regressing
residuals from the ΔWHOQOL Environmental subscores on ΔNAc FCs. These residuals were calculated by regressing ΔWHOQOL Environmental subscores on
baseline HDRS, pre-to-post treatment change in HDRS, medication type, medication dose, and other potential confounding covariates. See methods for
details.
gSignificant after controlling for age, gender, race, duration of MDD illness, baseline HDRS17, and comorbid anxiety disorder. Not significant, however, after
adjusting for dose (dose and change in FC are correlated, in this case). We did not adjust for medication type in these analyses as the treatment-specific
subgroups contained only one medication type.
hSignificant after controlling for age, gender, race, duration of MDD illness, medication dose, baseline HDRS17, and comorbid anxiety disorder. We did not
adjust for medication type in these analyses as the treatment-specific subgroups contained only one medication type.
All reported clusters reached significance of p < 0.001 voxel-level and p < 0.05 cluster-level FDR correction. T-tests threshold ≥ 3.16.
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QoL independent of improvement in clinical symptoms (Table 3c).
Lastly, we explored whether those changes in FC that were
significantly associated with specific ADM symptom response vs.
non-response were also associated with improvement in QoL
(Table 3d). We used the Benjamini–Hochberg procedure to control
the False Discovery Rate at level α= 0.05 for all findings in this
analysis.

Secondary outcome: treatment-related change in reward circuit
FC as a function of QoL improvement
Two-tailed t-tests of change in FC pre-to-post treatment were
conducted to directly examine change in reward circuitry FC in

patients with MDD that showed QoL response versus non-
response in environmental, physical, psychological, and social
domains (Table 2b). For changes in FC that were significantly
associated with QoL response, we tested whether these associa-
tions were still significant after adjusting for clinical symptoms
(baseline HDRS scores and pre-to-post changes in HDRS) and
other potentially confounding covariates (see Table 2b; if not
significant after adjustment, this would suggest that these
associations could be explained by known correlations between
QoL and clinical symptoms). Associations were deemed significant
if the coefficient corresponding to the change in FC had a p value
< 0.05.

Table 3. Regression of pre-to-post treatment changes in non-primary outcomes on changes in functional connectivity found in primary analyses.

Independent variable Dependent
variable

Un-std. beta
coefficient

Std. error Std. beta
coefficient

t p value Adj. R2 F(1,122)
(p value)

a: Pre-to-post treatment change in FC distinguishing symptom (HDRS) responders vs. non-responders

Right Nucleus Accumbens Seed

HDRS-R > HDRS-NR

Dorsal Anterior
Cingulate Cortex

ΔWHOEnv 0.018 7.190 <0.001 0.003 0.998 <0.001 <0.001 (0.998)

Dorsal Anterior
Cingulate Cortex

ΔWHOPhe 32.148 8.561 0.322 3.755 <0.001a,b 0.096 14.100 (<0.001)

Dorsal Anterior
Cingulate Cortex

ΔWHOPsy 17.218 10.408 0.148 1.654 0.101 0.014 2.737 (0.101)

Dorsal Anterior
Cingulate Cortex

ΔWHOSoc 8.437 12.391 0.062 0.681 0.497 <0.001 0.464 (0.497)

b: Pre-to-post treatment change in FC distinguishing quality of life (WHOQOL) responders vs. non-responders

Right Nucleus Accumbens Seed

WHOSoc-R >WHOSoc-NR

Paracingulate Gyrus+ + ΔHDRS17 −10.246 3.651 −0.246 −2.806 0.006 0.053 7.875 (0.006)

WHOPhe-R >WHOPhe-NR

Thalamus ΔHDRS17 −6.191 3.849 −0.144 −1.608 0.110 0.013 2.586 (0.110)

c: Pre-to-post treatment change in FC distinguishing improvement in quality of life (WHOQOL) independent of HDRS (residuals)

Right Nucleus Accumbens Seed

WHOEnv

Ventral Anterior
Cingulate Cortex

ΔHDRS17 −2.511 4.783 −0.047 −0.525 0.601 0.601 0.2755 (0.601)

d: Pre-to-post treatment change in FC with specific antidepressants distinguishing symptom (HDRS) responders vs. non-responders

Right Nucleus Accumbens Seed

Sertraline F(1, 39) (p value)

HDRS-R > HDRS-NR

Insular Cortex+ ΔWHOEnv −16.560 12.456 −0.208 −1.330 0.191 0.019 1.768 (0.191)

Insular Cortex+ ΔWHOPhe −42.136 14.639 −0.419 −2.878 0.007 0.154 8.285 (0.007)

Insular Cortex+ ΔWHOPsy −42.570 15.616 −0.400 −2.726 0.010 0.139 7.431 (0.010)

Insular Cortex+ ΔWHOSoc −26.308 19.457 −0.212 −1.352 0.184 0.020 1.828 (0.184)

Venlafaxine F(1, 37)
(p value)

HDRS-R>HDRS-NR

Inferior Temporal Gyrus ΔWHOEnv 11.621 12.596 0.150 0.923 0.362 <0.001 0.851 (0.362)

Inferior Temporal Gyrus ΔWHOPhe 14.053 13.982 0.163 1.005 0.321 0.321 1.01 (0.321)

Inferior Temporal Gyrus ΔWHOPsy 6.889 16.601 0.068 0.415 0.681 <0.001 0.172 (0.681)

Inferior Temporal Gyrus ΔWHOSoc 50.610 21.559 0.360 2.348 0.024 0.106 5.511 (0.024)

HDRS-R symptom responders (50% or greater improvement in HDRS), HDRS-NR symptom non-responders (<50% improvement in HDRS); CTL control, WHO-R
WHOQOL responders (25% or greater improvement in WHOQOL); WHO-NR WHOQOL non-responders (<25% improvement in WHOQOL); World Health
Organization Quality of Life assessment; HDRS17 Hamilton Depression Rating Scale.
aSignificant after controlling for FDR at level α= 0.05.
bSignificant after adjusting for potential confounding baseline covariates (age, gender, race, duration of illness, medication type, baseline HDRS) but not after
adjusting for these baseline covariates and pre-to-post treatment change in HDRS.
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We performed a complementary analysis designed to identify
changes in FC that correlate with changes in QoL independent of
changes in clinical symptoms (Table 2c). We regressed residua-
lized treatment changes in QoL on changes in FC using a two-
stage regression approach [32]. First, in patients with MDD, we
regressed change in QoL domains on change in HDRS, baseline
HDRS, and possible confounding variables (detailed in Table 2c).
Next, this regression model was used to estimate the expected
change in each QoL domain in the absence of any FC information;
these estimates were subtracted from the observed changes in
QoL domains in each patient to generate residuals (i.e., residual
variation unexplained by treatment, demographics, and changes
in clinical symptoms). These residuals were used to conduct a
whole-brain search to identify changes in reward circuitry FC that
are associated with changes in QoL independent of changes in
symptoms.

Exploratory: treatment-related change in FC as a function of
specific ADM
Two-tailed t-tests of change in FC pre-to-post treatment were
conducted to examine differential change in FC with specific ADM
in symptom responders versus non-responders while accounting
for the effect of time, with between-group differences as the main
outcome of interest and accounting for baseline symptoms and
possible confounding covariates (Table 2d).

RESULTS
Primary outcome: treatment-related change in reward circuit FC as
a function of symptom response status and in relation to QoL
Symptom responders vs. non-responders. A two-tailed t-test
revealed that responders were distinguished from non-
responders by a significantly greater increase in right NAc-right
dACC FC. These findings remained significant after adjusting for
potential confounding covariates (Table 2a, Fig. 1b). There were no
significant differences in baseline right NAc-right dACC FC
between responders and non-responders. For baseline FC
differences between controls and MDD patients, refer to Section S7
of the study supplement (Supplementary Table S6; Supplementary
Fig. S5).

Symptom responders vs. controls. Responders showed decreased
left NAc-right inferior parietal lobule (IPL) FC relative to healthy
controls. These findings remained significant after adjusting for
potential confounding covariates (Table 2a, Fig. 1c).

Symptom non-responders vs. controls. Non-responders were
distinguished from controls by a comparative increase in FC
between the left NAc and the left lateral occipital cortex. These
findings remained significant after adjusting for relevant covari-
ates (Table 2a, Section S8 of the Study Supplement, Supplemen-
tary Fig. 2).
Pre-to-post treatment increases in NAc-dACC FC were signifi-

cantly associated with pre-to-post treatment increases (improve-
ment) in the WHOQOL physical health domain (bunstandardized=
32.148, bstandardized= 0.322, p < 0.0003; R2= 0.104, F1,122= 14.103,
p < 0.0003; Table 3a). This association remained significant after
controlling for potential confounding baseline covariates. It did
not, however, remain significant after adjusting for pre-to-post
treatment changes in HDRS. Change in NAc-dACC FC showed no
significant associations with other WHOQOL domains. The item-
level questions used to assess change in physical health (and
other QoL domains) are presented in Supplementary Table S1.

Secondary outcome: treatment-related change in reward circuit
FC as a function of QoL improvement
Between-group comparisons: QoL responders vs. non-responders

Physical QoL: There was a significant increase in right NAc-
right thalamus FC in physical QoL responders relative to non-
responders at p < 0.001 voxel-level. This difference remained
significant after adjusting for potential confounding variables
(Table 2b, Fig. 2c). Change in NAc-Thalamus FC was indepen-
dent of, i.e., not significantly associated with change in HDRS
(Table 3b).

Social QoL: There was a significant increase in right NAc-right
paracingulate gyrus FC in social QoL responders relative to non-
responders. This difference was significant after adjusting for
potential confounding covariates (Table 2b, Fig. 2b). Change in
right NAc-right paracingulate gyrus FC was significantly associated
with change in HDRS, though this relationship did not survive
FDR-correction (Table 3b).
There were no significant differences in baseline FC between

QoL responders and non-responders in any of the domains.

Dimensional improvement in QoL independent of change in HDRS
(residuals)
Environmental QoL: Increased right NAc-right ventral ACC
(vACC) FC was significantly associated with improvement in
environmental QoL pre-to-post treatment independent of change
in clinical symptoms (HDRS scores) and potential confounding
covariates (Table 2c, Table 3c, Fig. 2d).

Exploratory: treatment-related change in FC as a function of
specific ADM
Sertraline responders vs. non-responders. Sertraline responders
had a significant pre-to-post treatment decrease in right NAc-left
insular cortex FC compared to sertraline non-responders which
remained significant at p < 0.001 voxel-level thresholding and
after adjusting for potential confounding covariates (Table 2d,
Fig. 1d). No significant associations were found between change
in FC and QoL pre-to-post treatment with sertraline (Table 3d). In
addition, there was a significant association between sertraline
dose and change in NAc-insula FC (p < 0.002) (Section S9 of Study
Supplement; Supplementary Fig. S6).

Venlafaxine-XR responders vs. non-responders. Venlafaxine-XR
responders had a significant pre-to-post treatment increase in
right NAc-right inferior temporal gyrus FC compared to
venlafaxine-XR non-responders at voxel-level p < 0.005. This
association remained significant after controlling for potential
confounding covariates (Table 2d, Fig. 1e). No significant
associations were found between change in FC and QoL pre-to-
post treatment with Venlafaxine-XR (Table 3d).

Escitalopram responders vs. non-responders. There were no
significant between-group differences in NAc FC between
escitalopram responders and non-responders.

DISCUSSION
This study is the first to examine ADM treatment change in
reward circuit FC with outcome measures of symptom response
and QoL in MDD. Symptom responders demonstrated a greater
increase in NAc-dACC FC compared to non-responders, which
was significantly associated with improvement in physical QoL,
and decreased NAc-IPL FC relative to controls. Improvement
in QoL was associated with differential increases in
striatal–thalamic–cortical FC: physical QoL with increased NAc-
thalamus FC, social QoL with increased NAc-paracingulate FC,
and environmental QoL with increased NAc-vACC FC. Lastly, we
found distinct changes in reward circuit FC associated with
symptom response to sertraline and venlafaxine-XR, but not
escitalopram.
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Symptom response to ADM treatment was associated with
increased NAc-dACC FC. The dACC is a cortical brain region
implicated in supporting reward valuation and is activated during
choice selection and anticipation of rewards [33, 34]. Activation of
the ACC has shown robust functional coupling with the NAc
during processing of differential magnitude of gains and missed
rewards [35]. Several studies have demonstrated decreased FC
between striatal and frontal reward-related regions in individuals
with MDD (e.g., [36] and at familial risk (e.g., [37]) for MDD. While

we are unaware of other studies that have found increased NAc-
dACC FC with ADM treatment, fluoxetine and venlafaxine-XR were
found to increase FC between the NAc and frontal cortical regions
in patients with MDD during an emotion processing task in
association with an increase in positive affect [38]. Thus, increased
NAc-dACC FC may contribute to clinical symptom reduction by
altering fronto–striatal-based reward processing.
Symptom responders also exhibited reduced NAc-IPL FC

compared to controls. The IPL is involved in downregulating

Fig. 2 Treatment response as a function of QoL. Coronal view of the a Right and left NAc seed regions of interest (anatomically defined
using the WFU PickAtlas). b Between-group comparison between social QoL responders* and non-responders displayed greater pre-to-post
treatment increase in FC between the right NAc seed and the right paracingulate gyrus (peak coordinates +14, +54, −04; this cluster
comprises a portion of the frontal medial cortex and ACC) among responders relative to non-responders (WhoSocR > WhoSocNR). c Between-
group comparison between physical QoL responders* and non-responders displayed greater pre-to-post treatment increase in FC between
the right NAc and the right thalamus (peak coordinates +02, −34, +06) among responders relative to non-responders (WhoPhe-R >
WhoPheNR). d Residualized dimensional improvement in environmental QoL (WHO-Env) extracted from patients with MDD showed a
significant association with pre-to-post treatment increase in FC between the right NAc and the right ventral anterior cingulate cortex (peak x
y z coordinates +04, +46, 00). *QoL responders were defined as exhibiting a 25% or greater improvement in the WHOQOL domain at a voxel-
level significant threshold of p < 0.001. Box-and-Whisker plots depict significant pre-to-post treatment between-group FC differences. Color
bar represents t values from the between-group paired t-tests.
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reward expectancy [39], and reduced connectivity between these
regions could represent reduced downregulation and a conse-
quent increase in the ability to experience reward among
treatment responders. The IPL is also a central component of
the default mode network (DMN), posited to underlie rumination
and negative self-appraisal in depression [40, 41]. Indeed,
hyperconnectivity of the DMN is one of the most robust FC
findings in depression [22]. Greater FC between the NAc and DMN
may thereby impair reward processing due to excessive focus on
internalizing thoughts at the expense of attending to and
experiencing external rewards. This suggest that reductions in
inter-network hyperconnectivity between the DMN and reward
circuitry may contribute to greater likelihood of treatment
response. A reduction in FC between reward circuitry and the
DMN in treatment responders may thus be a compensatory
mechanism that counterweights DMN hyperconnectivity in
depression.
Distinct pre-to-post treatment increases in cortico-striatal FC of

reward circuitry were associated with dimensional improvement
in environmental QoL (NAc-vACC FC) and categorical response
versus non-response in social (NAc-paracingulate gyrus FC) and
physical (NAc-thalamus FC) QoL. Pre-to-post treatment increases
in NAc associated with improvement in environmental and
physical QoL are particularly noteworthy as they were indepen-
dent of clinical symptom improvement. Improved physical QoL
was also significantly associated with increased NAc-dACC FC in
relation to symptom response. Conversely, change in reward
circuitry FC did not relate to psychological QoL, consistent with
the notion that the absence of depressive symptoms is not
equivalent to psychological health [42]. PET and FMRI studies
have highlighted the critical importance of these cortical brain
regions, the vACC in particular, for proper reward circuit
functioning [43]. The paralimbic belt of the ACC (i.e., paracingu-
late cortex) represents a cingulo-frontal transition area, given its
reciprocal connections with prefrontal cortical regions, and is
referred to as the ‘cognitive’ division of the ACC [44]. Along with
the dACC, these regions are posited to work in concert to
compare valued options, choose among them, and channel that
choice into a course of action that promotes acquiring the most
rewarding outcome [43, 45], functions that must work properly in
order to have a satisfactory QoL. Studies examining neural
correlates of happiness and wellbeing have similarly reported the
critical importance of proper functioning of the NAc and frontal
brain regions including the ACC and insular cortex [46–48]. Our
findings suggest that, as striatal–cortical FC within reward
circuitry improves, patients may increase their activity levels
and engagement with life activities, resulting in improved QoL.
Furthermore, differential changes in reward circuit FC with ADM
may help identify neurobiologically based correlates of treatment
response with respect to QoL.
Symptom response to sertraline and venlafaxine-XR was

associated with differential changes in reward circuit FC; a
decrease in NAc-insula FC for sertraline and an increase in NAc-
inferior temporal gyrus FC for venlafaxine-XR. This differential
change accords with prior findings from the iSPOT-D trial
observed during inhibition task-related FC, in which a decrease
in precentral-superior temporal FC was associated with symptom
response for sertraline, and an increase in orbitofrontal–subcortical
FC was associated with symptom response for venlafaxine-XR [49].
These opposing profiles in relation to reward circuitry might in
part reflect the action of sertraline and venlafaxine-XR at the
receptor level, in particular the action of sertraline in inhibiting
dopamine [50, 51] and the role of venlafaxine-XR as an inhibitor of
the reuptake of dopamine and noradrenaline as well as serotonin
[52, 53]. Our observation that the NAC was associated with
opposing directions of effect in connection with distinct cortical
regions (insula for sertraline and temporal gyrus for venlafaxine-

XR) further suggests distinct mechanisms by which these
antidepressants may exert their effects on reward circuitry.
We note study limitations: iSPOT-D was designed as a practical

trial comparing first-line ADMs in clinical settings, and thus no
placebo comparison was incorporated. While study findings
inform the use of change in reward circuitry FC as a potential
biomarker of ADM response with implications for mechanisms,
trials designed to incorporate a placebo arm are needed to probe
mechanistic change in a direct and causal manner. Recent findings
from the EMBARC study report a moderating effect of ventral
striatal activity on sertraline treatment response versus placebo
following 8-weeks of treatment [54]. Although iSPOT-D was
powered to compare three different ADM arms, larger samples
with imaging measures may be needed to detect differential
reward-related biomarkers that distinguish among SSRI and SNRI
categories. While rigorous motion artifact correction was applied,
artifact always remains a potential confound when interpreting
fMRI data [17]. In the present study, we used an a priori seed-
based approach given our specific focus on change in reward
circuit FC. Given the promising findings for both symptom and
QoL response it would be important in future studies to extend
this approach to data-driven connectomic analyses. For example,
such future work might investigate pre-treatment predictive
models and additional outcome measures, thereby expanding
on complementary iSPOT-D findings for pretreatment functional
connectivity prediction of treatment response and remission [55].
In conclusion, quality of life is a vital and integral component of

health, and many patients with MDD continue to experience
markedly diminished quality of life even with “successful”
treatment response in terms of traditionally-defined clinical criteria.
Study findings highlight changes in FC within reward neurocircui-
try that may be potential neural substrates that mechanistically
contribute to improvement with ADM treatment. Furthermore,
distinct findings with respect to clinical symptoms and quality of
life highlight the importance of assessing quality of life outcomes
that are not currently assessed in the majority of clinical trials and
neuroimaging studies of depression. By characterizing differential
profiles of change in reward circuit FC in relation to improvement
in symptoms and quality of life, this work has the potential to
contribute to a more nuanced assessment, mechanistic interpreta-
tion and definition of treatment response with ADM.
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