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A B S T R A C T

Background: Depression exerts a staggering toll that is worsened with co-occurring chronic conditions such
as obesity. It is imperative to develop more effective interventions for depression and to identify objective
and biological plausible neural mechanisms to understand intervention outcomes. The current study uses
functional neuroimaging to determine whether a behavioural intervention changes the negative affect circuit
and whether these changes relate to subsequent improvements in both symptom and problem-solving out-
comes in depressed patients with co-occurring obesity.
Methods: This study (‘ENGAGE’) was a pre-planned element of the randomized controlled trial, ‘RAINBOW’ (Clini-
calTrials.gov NCT02246413). 108 depressed patients with obesity were randomized to receive an integrated col-
laborative care intervention (I-CARE) or usual care. Participants underwent functional neuroimaging using an
established facial emotion task at baseline and two months (coinciding with the first two months of intervention
focused on problem-solving therapy (‘PST’)). Amygdala, insula and anterior cingulate cortex activation was
extracted using pre-planned definitions and standardized methods. The primary health and behavioural out-
comes were depression symptom severity and problem-solving ability respectively, assessed at baseline, the
main 6-month outcome point and at 12-month follow up. Mediation analyses used an intent-to-treat approach.
Findings: PST, relative to usual care, reduced amygdala activation engaged by threat stimuli at two months.
This reduction mediated subsequent improvements in depression severity in an intervention-dependent
manner. PST did not change insula activation at two months but did temper the strength of the relationship
between insula activation and improvements in problem-solving ability.
Interpretation: The negative affect circuit may be an important neural target and potential mediator of PST in
patients with comorbid obesity.
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UH3 HL132368
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1. Introduction

Depression is highly prevalent, affecting more than 300 million
people worldwide, and is now the leading cause of global disease
burden [1]. Depression further causes crippling economic impact,
with an estimated cost to the global economy of US $1 trillion per
year in lost productivity [2]. Depression commonly co-occurs with
obesity [2�4] and this comorbidity imposes especially high disease
burden and difficulties with depression management [5�8]. Thus,
there exists an urgent need for new approaches that alleviate depres-
sion in the context of comorbid obesity.

Research in context

Evidence before this study

Depression and obesity commonly co-occur, with limited and
variable treatment effectiveness. Randomised controlled trials
have been conducted but few further an experimental mecha-
nistic understanding of how behavioural interventions may
exert early impact via changes in neural circuit functions, par-
ticularly negative affect circuits. A search was conducted for eli-
gible clinical and experimental medicine studies of behavioural
interventions of depression/mood disorders or obesity/over-
weight using functional magnetic resonance imaging focused
on negative emotion/negative affect targets using PubMed and
Cochrane Central Register of Controlled Trials on July 3rd, 2020.
The search was open to all publications that had been reported
on prior to July 3rd, 2020 and did not include language restric-
tions. Of these, only three controlled intervention studies were
identified, and none examined negative affective circuits as the
putative neural targets of behavioural interventions depression
and/or obesity. The neural targets selected for the current study
were guided by our previous systematic review in which meta-
analyses, reviews, and empirical findings reproduced in at least
two well-powered studies were prioritised.

Added value of this study

This study is the first to utilise an experimental medicine
approach with neural circuit targets to reveal the mechanisms
underlying response to behavioural intervention in patients
with depression comorbid with obesity. The findings suggest
that the early phase of intervention, focused on problem-solv-
ing and behavioural activation engages the neural targets
focused on the amygdala and the anterior insula. As hypothes-
ised, change in amygdala activation after 2 months of interven-
tion was associated with improvement in depressive
symptoms at 6 months, while changes in insula activation after
2 months were associated with problem-solving outcomes at
both 6 and 12 months.

Implications of all the available evidence

Previous research identified the amygdala and insula as two
target regions associated with depression pathophysiology
as well as treatment response. New evidence from this study
indicates that amygdala and insula regions of the negative
affect circuit may be promising mechanistic targets for opti-
mizing the efficacy of behavioural interventions for depres-
sion in those who may be especially functionally impaired
due to comorbid obesity. Modifying these neural targets may
be relevant to both clinical and functional recovery of
depression.
To address this need we drew on an emerging scientific literature
which supports applying the science of behaviour change with an
experimental medicine framework. This approach is focused on iden-
tifying objective and biologically plausible measures that may medi-
ate change, to develop, optimise, and evaluate behavioural
interventions [9,10]. Our intervention focus was on an integrated col-
laborative care intervention incorporating problem-solving therapy
(PST) for depression with behavioural activation strategies (Inte-
grated Coaching for Better Mood and Weight Intervention [I-CARE]).
A recent randomised clinical trial known as RAINBOW (Research
Aimed at Improving Both Mood and Weight) showed that I-CARE is
effective at treating depression in adults with co-occurring obesity
and depression [11,12]. RAINBOWwas the parent trial for the present
study and the present study was known as ENGAGE [13]. In ENGAGE
we focused on neural circuit targets assayed by neuroimaging. The
goal was to evaluate candidate neural circuit targets that may be
modified by behavioural interventions such as I-CARE, and in turn
may mediate clinical outcomes relevant to depression in the context
of obesity. The targets for the ENGAGE trial were a pre-planned ele-
ment of the design and analysis strategy and outcomes were a pre-
planned element related to the parent RAINBOW trial [11,13]. We
drew on current knowledge about the timescale of activity-depen-
dent brain plasticity [14] to inform hypotheses about the timescale
within which the intervention would initially modify neural circuit
function and for which neural changes would lead to subsequent
clinical outcomes.

The negative affect circuit offers promising neural targets for
probing the potential mechanisms of behavioural interventions for
depression in the context of obesity. In humans, the amygdala and
insula, and their interaction with medial cortical regions such as the
anterior cingulate cortex (ACC), are key components of the negative
affect [15�18]. These regions are robustly engaged by negatively
valenced stimuli, such as faces signalling threat or sadness when
assayed using functional magnetic resonance imaging [19,20]. Dys-
function in these regions is a hallmark of depressive disorder,
thought to reflect a heightened reactivity to negative emotion that
accompanies the negative mood features of this disorder [17,18].
Greater dysfunction in these regions is also associated with higher
body mass index and obesity [21,22].

Meta-analyses indicate that neuroimaging markers may have par-
ticular promise for predicting response to behavioural therapies for
depression and highlight the need for more controls to advance a
consistent understanding of mechanisms and mediators [23] In a ran-
domized trial using functional neuroimaging and focusing on the
negative affect circuit engaged by a facial emotion task identical to
the one used in ENGAGE, a primary study by the senior author found
that pre-treatment hyper-activation of the amygdala specifically pre-
dicted subsequent non-response to antidepressant pharmacotherapy
in depression [24]. In a further trial with functional neuroimaging, in
which patients were randomised to receive cognitive behavioural
therapy versus an antidepressant [25], greater activation of the insula
as well as the amygdala prior to intervention predicted more
improvement of depressive symptoms after 12 weeks. In this trial
the amygdala and insula of the negative affect circuit were engaged
using a complementary facial emotion perception task. Meta-analysis
implicates greater pre-treatment ACC activity in symptom improve-
ment following both cognitive behavioral and pharmacological inter-
ventions across several tasks [26]. Such findings from intervention
trials, and from the fundamental literature on the negative affect cir-
cuit, motivate our focus on the amygdala, insula and ACC as primary
targets for probing the neural mediating mechanisms of response to
the I-CARE behavioural intervention in the present ENGAGE trial. At
the same time, because these prior studies were designed to compare
active treatments they were necessarily limited by the lack of a usual
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care control [24,25]. The need for deploying neuroimaging in con-
trolled trial designs to identify potential mediators has been
highlighted in relation to pharmacotherapy [27]. To address this
need in relation to a behavioural intervention, we used a controlled
randomised design, established by the parent RAINBOW trial, to
investigate changes in neural targets that occur within the first two
months of intervention, arguably capturing brain plasticity [14], and
that may mediate subsequent clinical outcomes. Within the negative
affect circuit activation of the amygdala, insula and ACC were our pri-
mary neural targets and functional connectivity between these
regions were secondary targets. For our outcome measures we
focused on both symptoms of depression as our clinical outcome and
on problem-solving ability as our behavioural outcome relevant to
functional recovery from depression and as the central behavioural
focus of the intervention delivered [28].

In ENGAGE we investigated the hypothesis that activation of the
amygdala, insula and ACC regions of the negative affect circuit are
changed by the I-CARE intervention and that intervention-related
neural changes occurring within the first two months would be asso-
ciated with an improvement in both depressive symptom severity
and in problem-solving ability [28].

2. Methods

2.1. Ethics

The Institutional Review Boards for the Stanford University (IRB
35,732 and 41,837) and the University of Illinois at Chicago
(2015�1324) approved the study. All participants in the study pro-
vided written informed consent.

2.2. Study design and participants

2.2.1. Primary sample
Study participants of ENGAGE were a subsample of 108 partici-

pants that were invited to participate in additional neuroimaging
assessments from RAINBOW, the parent randomised clinical trial,
which enrolled 409 participants [11,12] (Fig. 1 for CONSORT chart).
Participants were adults with depression and obesity who were ran-
domly assigned to receive an integrated collaborative care interven-
tion or usual care over 12 months who [1] had Patient Health
Questionnaire (PHQ-9) scores of 10 or greater, [2] had body mass
indices of 30 or greater (� 27 for Asian adults), [3] aged � 18 years,
and [4] did not have alcohol or substance-use disorder or meet any
other exclusion criteria (e.g., pregnancy, inability to communicate
well in English, plans to relocate). Those with active Axis I disorder
other than Major or Minor Depressive Disorder or Dysthymia, with
the exception of comorbid anxiety disorders, were excluded. For
ENGAGE participants, additional imaging exclusions included weight
� 350 pounds due to scanner constraints, MRI contraindications,
traumatic brain injuries, presence of a tumour or other known struc-
tural brain abnormality. The sample size of at least 100 participants
for the ENGAGE subsample was selected in order to detect medium
effect sizes (Cohen's d 0.3�0.5) in predicting treatment outcomes
assuming 80% completion rates. Demographic information for the
ENGAGE sample split by intervention arm is presented in Table 1.
Participants in the ENGAGE study were recruited from November 29,
2015 to October 25, 2016 within 4 medical centres of Sutter Health's
Palo Alto Medical Foundation (PAMF, San Francisco, USA), and the
date of the last participant assessed at 12-month follow-up was Octo-
ber 30, 2017.

ENGAGE participants were 68% (73/108) female and ranged from
22 to 78 years old (mean=52.0, SD=11.7), 75% (81/108) non-Hispanic
white adults, and 72% (78/108) had at least an undergraduate degree.
No differences in baseline characteristics were observed between
those participants in the parent trial who did and did not enrol in
ENGAGE (see Table S1). Of these participants, 86 completed fMRI at 2
months, and 102 and 96 completed outcome assessment at 6 months
and 12 months, respectively.

For the ENGAGE trial design we expanded on the parent RAIN-
BOW trial in two main ways. First, we added a 2-month time point to
the ENGAGE trial design to specifically test the role of change in neu-
ral circuit targets at 2-months as a mediator of subsequent clinical
outcomes. The ENGAGE subsample also completed functional mag-
netic resonance imaging (fMRI) sessions at baseline and 2 months
after randomisation coinciding with initial 2-month intervention
phase of the I-CARE program. Clinical outcomes were determined by
the parent RAINBOW trial and were assessed at baseline and at 6 and
12 months after randomisation.

Detailed protocols for both the RAINBOW [12,13] and ENGAGE
[12,13] clinical assessments have been pre-registered in published
protocol papers (included in Supplemental methods). The trial is reg-
istered with ClinicalTrials.gov (NCT02246413). Materials and data
from this study are available subject to the restrictions described in
the Data Sharing statement.

2.2.2. Healthy reference sample
Data for healthy controls forming our standardization sample was

acquired from 50 healthy individuals who underwent the same scan-
ning protocol at Stanford (mean age = 32.48, SD, 11.95). Inclusion cri-
teria included no significant history of any psychiatric disorder,
18�60 years, fluency and literacy in English. Exclusion criteria were
current antidepressant medication and/or psychotherapy, moderate
or greater alcohol or substance use disorder, history of brain injury
with >10 min loss of consciousness and which could interfere with
assessments, current episode of psychosis or mania, medical or neu-
rological disorder that impact brain images, suicidal intent that rep-
resents imminent risk, or sensorimotor impediment to completing
assessments. Demographic information for the healthy reference
sample is presented in Table 1.

2.3. Randomisation and masking

Participants were offered the option to enrol in RAINBOW only or
in RAINBOW and ENGAGE during the informed consent. Enrolment
was performed by trained study coordinators who were blinded to
random assignments. Participants were assigned to receive usual
care or the intervention by RAINBOW independent personnel using a
validated automatic online randomization system which we pub-
lished previously [29]. Investigators, outcome assessors, statisticians,
neuroimaging team, and data and safety monitoring board members
were blinded until after outcome data at 12 months were locked.

2.4. Procedures

Participants in both intervention and usual care groups received
information on mental health services, weight management and
wellness programs available at the medical foundation. Participants
also received a wireless activity tracker with batteries, but no inter-
vention materials such as worksheets or at-home educational videos.
The intervention sessions and usual care were conducted at PAMF.

2.5. Intervention

The 12-month collaborative care intervention (I-CARE) is
described in detail in Ma et al., 2019 [12]. In short, the integrated col-
laborative care intervention integrated the core components of two
evidence-based behavioural interventions. The Program to Encourage
Active, Rewarding Lives for Seniors (PEARLS) was a treatment with
problem-solving as its core component and central theoretic basis as
the first-line therapy, and was our focus in relation to depression and
problem-solving outcomes [30,31]. PEARLS was supplemented with
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Table 1
Baseline characteristics of primary sample for treatment groups, treatment groups
combined, and healthy reference sample.

PSTa Usual Care Combined Healthy
(n = 59) (n = 49) (n = 108) (n = 50)

Age, mean (SD) 52.4 (11.6) 51.6 (12.0) 52.0 (11.7) 32.48 (11.95)
Sex, No. (%)
Female 42 (71) 31 (63) 73 (68) 28 (56)
Male 17 (29) 18 (37) 35 (32) 22 (44)
Race/ethnicity, No.
(%)

Non-Hispanic White 46 (78) 35 (71) 81 (75) 27 (54)
Black 1 (2) 0 (0) 1 (1) 0 (0)
Asian/Pacific
Islander

5 (8) 3 (6) 8 (7) 13(26)

Hispanic 4 (7) 7 (14) 11 (10) 8 (16)
Other or not
reported

3 (5) 4 (8) 7 (6) 0 (0)

Education, No. (%)
High school gradu-
ate or GED

2 (3) 4 (8) 6 (6) 4 (8)

Some college 10 (17) 14 (29) 24 (22) 3 (6)
Undergraduate
degree

28 (47) 15 (31) 43 (40) 20 (40)

Graduate level work
or degree

19 (32) 16 (33) 35 (32) 23 (46)

Body mass index,
mean (SD)

Both sexes 34.9 (5.2) 36.3 (4.9) 35.5 (5.1) 23.52 (3.32)
Women 35.2 (5.5) 37.6 (5.2) 36.2 (5.5) 22.89 (3.68)
Men 34.2 (4.2) 34.0 (3.5) 34.1 (3.8) 24.31 (2.66)
Weight, mean (SD),
kg

Both sexes 98.8 (17.1) 104.2 (13.2) 101.2 (15.6) 67.06 (12.42)
Women 94.7 (16.5) 100.8 (13.4) 97.3 (15.4) 60.63 (10.27)
Men 108.9 (14.5) 109.9 (11.0) 109.4 (12.6) 75.24 (9.95)
Height, mean (SD),
cm

Both sexes 168.1 (10.1) 169.8 (10.6) 168.8 (10.3) 168.48 (9.35)
Women 163.9 (8.4) 163.8 (7.2) 163.9 (7.8) 162.71 (6.44)
Men 178.4 (5.7) 180.0 (7.0) 179.2 (6.4) 175.83 (7.05)
20-item Depression
Symptom Check-
list score (SD)

1.5 (0.6) 1.6 (0.5) 1.5 (0.5) -b

9-item Patient
Health Question-
naire (SD)

14.0 (3.1) 13.4 (2.9) 13.7 (3.0) 0.84 (1.78)

7-Item Generalised
Anxiety Disorder
scale score (SD)

7.8 (4.3) 8.02 (5.0) 7.9 (4.6) 0.76 (1.17)

Taking antidepres-
sant medications,
No. (%)

24 (41) 19 (39) 43 (40) 0 (0)

Hospitalised during
the last year, No.
(%)

7 (12) 4 (8)N 11 (10) 0 (0)

Depression diagno-
sis or treatment,
No. (%)

39 (66) 33 (67) 72 (67) 0 (0)

Employment status,
No. (%)

Full-time 34 (58) 28 (57) 62 (57) 26 (52)
Part-time 10 (17) 5 (10) 15 (14) 9 (18)
Unemployed 15 (25) 16 (33) 31 (29) 15 (30)
Income, No./total (%)
<$75,000 8/53 (15) 15/46 (33) 23/99 (23) 20/49 (41)c

$75,000-$150,000 21/53 (40) 13/46 (28) 34/99 (34) 17/49 (35)c

>=150,000 24/53 (45) 18/46 (39) 42/99 (42) 12/49 (24)c

Insurance, No. (%)
Preferred provider
organization

42 (71) 27 (55) 69 (64) -b

Health management
organization

12 (20) 18 (37) 30 (28) -b

Medicare fee for
service

5 (8) 2 (4) 7 (6) -b

Other Insurance 0 (0) 2 (4) 2 (2) -b

(continued)

Table 1 (Continued)

PSTa Usual Care Combined Healthy
(n = 59) (n = 49) (n = 108) (n = 50)

Marital status, No.
(%)

Married or living
with a partner

35 (59) 30 (61) 65 (60) -b

Single, separated,
divorced, or
widowed

24 (41) 19 (39) 43 (40) -b

Household size, No.
(%)

<2 14 (24) 7 (14) 21 (19) -b

2 23 (39) 20 (41) 43 (40) -
>=3 22 (37) 22 (45) 44 (41) -b

a PST represents the initial 2-month intervention phase of the I-CARE program
focused on a 7-step problem-solving therapy process.

b Data not collected in healthy control sample.
c Income categories for healthy controls were <$80,000, $80,000-$150,000, and

$150,000+.
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as-needed antidepressant medication. The Group Lifestyle Balance
(GLB) program consisted of videos for self-study, grounded in social
cognitive theory (for additional details related to the intervention
delivery, see Supplemental materials) [32].

We focus specifically on the impact of the initial 2-month inter-
vention phase of the I-CARE program on our neural circuit targets.
This initial treatment phase included 6 in-person sessions for depres-
sion that implemented a 7-step problem-solving therapy as its core
component, along with behavioural activation as a complementary
component. For brevity this intervention is referred to hereafter as
“problem-solving therapy” or “PST” for short.

2.5.1. Usual care
Participants in the intervention and usual care control continued

to receive medical care from their primary care providers. These pro-
viders were notified of their patient's participation; however, they
were not informed of his or her trial group assignment.

2.6. Procedures for acquiring and quantifying neural circuit mediator
targets

Neural circuit targets were assayed using functional neuroimaging
of the negative affect circuit of interest conducted at the Center for
Neurobiological Imaging (CNI) at Stanford University. Neuroimaging
was undertaken at baseline and at 2-month follow-up, immediately
following the intensive phase of PST. Neural circuits targets were
defined and quantified by the following pre-planned and established
procedures:

2.6.1. (i) imaging sequences
We implemented previously established functional neuroimaging

sequences and parameters as defined in our pre-specified protocol
[13] (for details, Supplemental methods).

2.6.2. (ii) viewing of facial emotion task
The negative affect circuit of interest, with an a priori focus on the

amygdala, insula and ACC, was engaged using an established viewing
of facial emotion task. A standardised set of 3D evoked facial expres-
sions of emotion stimuli were presented in pseudorandom order,
with five repeated blocks of eight stimuli per block for each emotion
relative to neutral blocks [33]. During the conscious viewing condi-
tion, each face was presented for 500 ms, with an interstimulus inter-
val of 750 ms. We created a context for participants to continuously
view the faces by instructing them that they would be asked post-
scan questions about these faces. To elicit the negative affect circuit
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in response to nonconscious threat stimuli, we presented the same
fear and anger stimuli in a backward-masking design to prevent
awareness. In this nonconscious condition, face stimuli were pre-
sented for 10 ms followed immediately by a neutral face mask stimu-
lus for 150 ms, and with a stimulus onset asynchrony of 1250 ms to
match that of the conscious condition [33]. Informed by findings for
depression we focused on the nonconscious viewing condition for
threat and the conscious viewing condition for sad.

2.6.3. (iii) pre-processing
Pre-processing and data analysis were performed using Statistical

Parametric Mapping (SPM) software implemented in Matlab (SPM8;
Wellcome Department of Cognitive Neurology) and the FSL [34] fol-
lowing previously established procedures [24,35]. Briefly, pre-proc-
essing of functional data included realignment and unwarping,
normalization to a standardized template, and smoothing (for details,
see Supplemental methods). Quality control diagnostics included
removing scans with incidental findings, scanner artefacts, and signal
dropout. Participants’ data were included if no more than 25% (38/
151) of time points were censored for frame-wise displacement or
variance spikes. This resulted in total of n = 89 and n = 74 for the base-
line and 2-month imaging sessions respectively.

2.6.4. (iv) defining neural circuit target regions of interest
Our regions of interest for the negative affect circuit engaged by

threat and sad were defined in our protocol [13,18] and pre-planned
analytic plan was established in a prior systematic procedure vali-
dated with the same facial emotion task as used in the present
ENGAGE trial [36]. Primary target regions of interest were the subge-
nual ACC (sgACC) and amygdala (bilaterally) for threat and the prege-
nual ACC (pgACC), amygdala (bilaterally), and anterior insula
(bilaterally) for sad. These regions were defined a priori and not
derived using a discovery analysis with the present ENGAGE sample.
Our a priori focus on these regions and pre-planned analytic strategy
to test hypotheses, as outlined in the ENGAGE protocol [13] was
informed by our synthesis of the imaging findings for depression
[17,18] and prior trials in which imaging was included at the pre-trial
baseline to predict outcomes for both behavioural and pharmacologi-
cal interventions. We have established a systematic procedure for
defining these a priori regions and for operationalizing them as ana-
tomical masks for application in quantifying the activation within
each region and the extent of connectivity between them [37]. Specif-
ically, we first used Neurosynth to extract a spatial map of z-scores
representing the negative affective network using search term
“Threat.” Peak z-scores in the Neurosynth mask were then identified
using the Functional Neuroimaging (AFNI) 3dExtrema function. We
operationalized masks as the anatomical boundary around these
peaks. For the insula and ACC regions, given the larger spatial extent
of these cortical regions, we imposed a restriction that each peak has
a minimum z-score of 6 and each region extends no farther than
10 mm from the peak. For the amygdala, the Neurosynth map was
intersected with anatomically defined boundaries from the Auto-
mated Anatomical Labelling (AAL) atlas [38]. Finally, these regions of
interest masks were then intersected with each participant's grey
matter mask to ensure specificity to the grey matter anatomy of each
individual.

2.6.5. (v) quantifying neural circuit target regions of interest
Quantification of activation for the amygdala and insula target

regions of interest followed our previously established systematic
procedure and incorporated a healthy reference sample [36], as out-
lined in the following sections for both the healthy reference sample
and the primary ENGAGE sample.

Activation for these target regions was first quantified for the
healthy reference sample available to this study. We previously
established that the healthy sample was characterised by good
quality data [36]. Healthy reference values were computed for activa-
tion of regions for the contrast of each threat or sad minus neutral. A
hemodynamic response convolved boxcar function was used to
model the BOLD response for each block of emotional expressions to
threat (fear and anger facial expressions) and to sadness relative to
neutral face blocks. General linear models were then specified for
each task to investigate the contrasts of interest. Frame-wise dis-
placement and signal-variance spikes, plus the time point following,
were included as nuisance regressors in each of the models.

Resulting activation values were mean-centred and scaled to be
expressed as standard deviation units. For each individual participant
in the primary sample, we then computed activation for the target
regions, engaged by threat and sad, established using our a priori sys-
tematic procedures outlined in sections (iii) and (iv). We expressed the
extent of dysfunction in these values in terms of standard deviation
units referenced to the mean of the healthy reference sample. Through
this procedure, activation values were interpretable relative to a
healthy reference mean of zero. The activation of bilateral regions of
interest were significantly and strongly correlated for the negative
affect circuit evoked by Threat and Sad. These findings suggest a strong
level of internal consistency between left and right-sided regions of
interest at both baseline and 2-months follow up (see Table S2).

2.6.6. (vi) defining and quantifying additional regions within the
negative affect neural circuit

Secondary analyses focused on functional connectivity with the
subcortical regions of primary interest. Region-to-region connectivity
for nonconscious threat was focused on connections between the
amygdala and the sgACC. For sad, focused on connections between
the amygdala and the pgACC as well as the insula and pgACC. Func-
tional connectivity was computed using a psychophysiological inter-
action procedure (for details, Supplementary methods).
Quantification of connectivity followed the previously established
systematic procedure [36].

To provide an overall neural measure of negative affect circuit
function we computed a global circuit score that combined activation
and connectivity of constituent primary regions and the cortical
regions to which they connect. This global score was an average of
the standardized values for each constituent measure (for details,
Supplementary methods).

2.7. Outcomes

The primary clinical outcome measure of depression severity and
the primary behavioural outcome measure of problem-solving ability
were acquired at baseline, the main 6-month outcome timepoint and
again at 12-month follow-up at PAMF as outlined in both the
ENGAGE and RAINBOW protocol papers [11,13]. Depression severity
was measured using the average of the 20 items of the Depression
Symptom Checklist (SCL-20). Each SCL-20 item had a range of 0
(best) to 4 (worst) [39]. Problem-solving ability was measured as the
overall score from the self-administered Social Problem-Solving
Index-Revised Short Form (SPSI-R:S) [40]. The SPSI total score is cal-
culated as the average of positive problem orientation and rational
problem-solving style, and the reversed scores of negative problem
orientation, impulsivity/careless style, and avoidance style. The total
score ranges from 0 to 20, with higher scores being indicative of bet-
ter problem-solving abilities. Supplemental analyses examined these
same measures acquired at 12-month follow-up. These primary out-
come measures were reviewed centrally by the trial Data and Safety
and Monitoring Board.

2.8. Statistics

Following our planned analysis strategy [13], we used the
approach described by Kraemer at al. [41] to evaluate if early change



sgACC

AmygAmyg
Ant. InsulaAnt. Insula

PST vs 
Usual Care

Path a Path b

Neural Target

Depressive
Symptoms

Path a. Neural Target Engagement Path b. Neural Target - Symptoms Relationship

−2

−1

0

1

2

−2 0 2

−2

0

2

Δ 
D

ep
re

ss
io

n 
(S

C
L−

20
)

Usual Care PST

Treatment

 Δ
 R

. A
m

yg
da

la
 A

ct
iv

at
io

na

Δ  R. Amygdala Activationa

ES = -0.63 [-1.30, 0.05]

Usual care: ES = 0.53* [0.14, 0.91]
Interaction: ES = -0.47 [-0.92, -0.02]  

2 
M

on
th

s 
- 

B
as

el
in

e

6 
M

on
th

s 
- 

B
as

el
in

e

2 Months - Baseline

Negative Affect Circuit - Threat

−2

−1

0

1

2

−2 0 2 4

−2

0

2

4

Δ 
D

ep
re

ss
io

n 
(S

C
L−

20
)

Δ L. Amygdala Activationa

Usual care: ES = 0.36* [0.08, 0.65]
Interaction: ES = -0.31 [-0.71, 0.09]   

6 
M

on
th

s 
- 

B
as

el
in

e

2 Months - Baseline

Usual Care PST

Treatment

2 
M

on
th

s 
- 

B
as

el
in

e
 Δ

 L
. A

m
yg

da
la

 A
ct

iv
at

io
na

ES = -0.75 [-1.49, -0.01] 

Path a. Neural Target Engagement Path b. Neural Target - Symptoms Relationship
4

4

Fig. 2. PST-induced target engagement of amygdala engaged by nonconscious threat and subsequent depression symptom change at 6 months. Amygdala engagement by
nonconscious threat stimuli at 2 months mediates subsequent depressive symptom improvements at 6 months. (Path a) Early change in bilateral amygdala engagement for PST ver-
sus usual care. (Path B) Association of early change in bilateral amygdala engagement with subsequent change in depression symptoms. All changes are relative to baseline session.
For the box plots, the central thick black bar represents the mean, grey shaded boxes represent standard error (dark grey) and standard deviation (lighter grey) of the mean, and the
whiskers represent 2 standard deviations of the mean. The impact on the intervention on clinical variables are reported in Ma et al. 2019 for the full RAINBOW trial and presented
for the RAINBOW/ENGAGE sub-sample in supplement. aBOLD activation vs. neutral cue, z-scored. Abbreviations: ACC = Anterior Cingulate Cortex; sgACC = subgenual ACC; Ant
Insula = Anterior Insula; Amyg = Amygdala; R = right; L = left; SCL-20 = Depression Symptom Checklist, 20-item; PST = initial 2-month intervention phase of the I-CARE program
focused on a 7-step problem-solving therapy process.
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in neural targets from baseline to 2 months mediates subsequent
change in outcome from baseline to 6 months. A graphical represen-
tation of the mediation models tested are presented at the top of
Figs. 2 and 3 for the negative affect circuit evoked by threat and sad
respectively. This mediation approach was designed to address medi-
ation within the context of a randomised controlled trial and requires
that the change in the mediator occur during intervention and before
assessment of outcomes [41]. In the case where a neural target signif-
icantly mediated treatment at 6 months, we examined whether the
effect was sustained at 12 months. We first applied this mediation
approach to analysis of our primary neural targets for both Threat
(amygdala and sgACC) and Sad (amygdala, anterior insula, and
pgACC). We then undertook secondary analyses to investigate
whether observed effects are present for connectivity between these
targets and cingulate regions and the global negative affect circuit. In
our analyses and interpretation, we placed primary emphasis on esti-
mation of effect sizes and confidence intervals. For all analyses, we
calculated effect sizes and confidence intervals relative to the
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standard deviation of the available pooled data from 1) the healthy
reference sample (n = 50) described above for neural target measures
and 2) all participants from the RAINBOW parent trial (n = 409) at
baseline for outcome measures. Thus, effect size estimates indicates
the magnitude of change in the outcome measures SCL-20 and SPSI-
R:S associated with a change of one standard unit (referenced to one
standard deviation in the healthy reference sample) in the circuit
predictor. For all analyses we provide unadjusted p-values thresh-
olded at an alpha level of 0.05. We provide p-values adjusted for false
discovery rate (FDR) at a per-family threshold of Q = 0.10 (see Supple-
mental Methods and Tables S3-S8).
2.8.1. Engagement of neural target (Path a)
As seen in Figs. 2 and 3, for Path a we used independent t-tests to

obtain differences between the intervention group and usual care for
change in each potential mediator (amygdala/insula/ACC neural tar-
get) from baseline to 2 months. Specifically, the potential mediator
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was entered as the dependent variable, and the treatment group as
the independent variable.

2.8.2. Associated changes in neural target and intervention outcome
(Path b)

For Path b, we used ordinary least square regression to assess the
association of a potential mediator (amygdala/insula neural target)
with an intervention outcome (i.e., SCL-20 and SPSI) in the usual care
group and by interaction with the intervention compared with the
usual care group, adjusting for the outcome at baseline. Participants
were analysed based on the group to which they were randomly
assigned and all available data we obtained.

2.8.3. Analysis of secondary neural targets and methodological checks
As a context for interpreting the analysis of primary neural circuit

targets, we undertook analyses of specific additional neural targets
that define the negative affective circuit engaged by threat and sad.
For neural targets with behavioural associations as determined by
mediation Path B, we also undertook analyses that served as method-
ological checks to aid in precise interpretation of our results for
change in neural targets at 2 months. First, we examined the sustain-
ability of observed early neural effects at the later follow up period.
Second, to aid in interpretation of neural change in the ENGAGE par-
ticipants we undertook a direct comparison of these participants
with the healthy reference sample at baseline and at two months; at
two months we separately compared PST and usual care groups with
the healthy reference sample. This direct comparison allowed us to
go beyond interpretation based on the standardized and norm-refer-
enced neural circuit scores and provide a direct test, using indepen-
dent-sample t-tests, of whether ENGAGE participants differed from
healthy participants. Third, we examined whether antidepressant
contributed to observed effects for neural target function at baseline
and 2 months and fourth, we considered any potential effects of
adverse events.

All analyses were performed on an intent-to-treat basis. Analyses
were conducted using SAS, version 9.4 (SAS Institute Inc., Cary, North
Carolina).

2.9. Role of funders

No sponsor or funding source has a role in the design or conduct
of the study; collection, management, analysis or interpretation of
the data; or preparation, review or approval of the manuscript. The
corresponding author had full access to all of the data and the final
responsibility to submit for publication.

3. Results

3.1. Primary neural targets

Amygdala activity evoked by threat was differentially impacted by
PST and the resulting change in amygdala activity was associated
with the change in clinical outcome of depression severity assessed
by the SCL-20. PST produced an effect of blunting of the left amygdala
engaged by threat stimuli at 2 months compared with usual care
(ES=�0.75, 95% CI [�1.49, �0.01], Fig. 2 top panel Path a), although
this effect was not significant at the adjusted alpha level (Table S4A).

Change in amygdala activity from baseline to 2 months mediated
subsequent outcomes in SCL-20 symptom scores at 6 months. Specifi-
cally, in the absence of the PST (i.e., within the usual care group), a
larger decrease in activation from baseline to 2 months in the amyg-
dala was associated with greater reduction in depressive symptoms
(right amygdala: ES=0.53, [0.14, 0.91], left amygdala: ES=0.36, [0.08,
0.65]; Fig. 2 Path B), significant at the adjusted alpha level (Table
S5A). PST tempered this circuit-depression relationship within the
right amygdala, such that the same degree of change in amygdala
activity was associated with an effect of relatively smaller change in
depressive symptoms for PST compared with usual care (Interaction
ES=�0.47, [�0.92, �0.02]; Fig. 2 Path B), which was not significant at
the adjusted alpha level (Table S5A). PST also showed a tempering
effect on threat-related activation in subgenual ACC, such that the
same degree of increase in activation was associated with an effect of
relatively smaller impairment to problem-solving ability for PST com-
pared with usual care (Interaction ES=-0.31 [-0.62, -0.01]), although
this effect was not significant at the adjusted alpha level (Table S6A).

For primary neural targets evoked by sad we did not observe any
significant effects for change from baseline to 2 months as a function
of intervention group (Table S4A). However, while there was not an
intervention effect on insula activity, change in insula activity evoked
by sad, was associated with changes on the behavioural outcome of
problem-solving ability. In the absence of PST (i.e., in the usual care
group), a decrease in insula activation from baseline to 2 months was
associated with larger impairments to problem-solving ability at 6
months (right insula ES=0.23 [0.04, 0.42]; left insula: ES=0.21 [0.01,
0.42], Fig. 3 Path B) which was significant for right insula but not for
left insula at the adjusted alpha level (Table S6A). PST tempered and
even abolished this circuit-problem-solving ability effect, such that
the same degree of decrease insula activity was associated with a rel-
atively smaller impairment in problem-solving ability compared
with usual care (right insula: Interaction ES=-.33, [-0.64, -0.02]; left
insula: Interaction ES=-0.35, [-0.66, -0.03]; Fig. 3 Path B) which was
also a tendency at the adjusted alpha level (Table S6A).

3.2. Connectivity and global negative affect circuit targets

In secondary analyses, the effect of PST was also observed to gen-
eralize to the overall negative affect circuit evoked by threat
(ES=�0.43 [�0.81, �0.06]), not significant at the adjusted alpha level
(Table S4B). PST showed a tempering of the relationship between cir-
cuit function and problem-solving ability such that the same degree
of increase in global circuit dysfunction was associated with an effect
of relatively larger impairment to problem-solving ability for in the
usual care group compared with PST (Interaction ES=0.57 [0.09,
1.06]), significant at the adjusted alpha level (Table S6B). Within the
threat-evoked circuit, PST showed a similar effect for connectivity
between subgenual ACC and amygdala, tempering relationship
between connectivity in this pathway and problem-solving ability,
such that the same degree of change in connectivity was associated
with a relatively smaller change in problem-solving ability for PST
compared with usual care (Interaction ES=-0.34 [-0.62, -0.06]; Table
S6B)), significant at the adjusted alpha level. In the absence of PST
(i.e., in the usual care group), a decrease in sad-evoked global circuit
dysfunction from baseline to 2 months was associated with larger
impairments to problem-solving ability at 6 months (ES=0.54 [0.04,
1.04]), though this was not significant at the corrected alpha level.
PST showed a tempering effect on activation evoked by sad, such that
the same degree of increase in global circuit dysfunction was associ-
ated with an effect of relatively smaller impairment to problem-solv-
ing ability for PST compared with usual care (Interaction ES=-0.78
[-1.45, -0.11]), significant at the adjusted alpha level (Table S6B).

3.3. Sustainability of neural effects at follow-up

Planned supplemental analyses were used to evaluate the sustain-
ability of effects observed for change at 2 months In the absence of
PST, decrease in left anterior insula activation was an effect that con-
tinued to show an association with reduced problem-solving ability
at 12 months follow up (Usual care ES=0.23 [0.01, 0.46]), which was
significant at the adjusted alpha level (Table S7A). This interaction
was due to the effect of a decrease in insula activation remaining
associated with relatively smaller impairments to problem-solving
ability for the PST group relative to usual care (Interaction ES=-0.35
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[-0.69, -0.01]) significant at the adjusted alpha level (Table S7A). Sim-
ilarly, the effect of an association of reduced global circuit dysfunction
with relatively smaller impairments to problem-solving ability for
PST relative to usual care also remained apparent at 12 months (ES=-
0.87 [-1.62, -0.12]), significant at the adjusted alpha level (Table S7B).

3.4. Comparison with healthy reference sample

At baseline, ENGAGE participants did not show a significant eleva-
tion in amygdala activity evoked by threat compared with the
healthy reference sample, even though the direction of difference
was consistent with an interpretation of unhealthy hyperactivation.
At 2 months the PST group did not differ from the healthy reference
sample on amygdala activation bilaterally. However, and consistent
with a profile of persistent unhealthy hyperactivation in the absence
of systematic intervention, the usual care group showed elevated
activation of the bilateral amygdala at 2 months relative to the
healthy reference sample (right amygdala: ES=0.56 [0.15, 0.98]; left
amygdala: ES=0.49 [0.02, 0.96]), significant at the adjusted alpha level
(Table S8A). No effects were observed between either treatment
group and the healthy reference sample were observed for anterior
insula (Table S8A) or with connectivity with the amygdala or the
global negative affect score at 2 months (Table S8B).

3.5. Consideration of antidepressant use and adverse events

We did not observe any differences in neural circuit function at
either baseline or at 2 months follow-up as a function of antidepres-
sant use (Tables S9A-B).

Over the full duration of the study, there were two serious adverse
events (i.e., fractures from falls while engaging in physical activity)
and 37 non-serious adverse events (e.g., minor musculoskeletal inju-
ries) that were possibly related to the study. These were randomly
distributed across PST and usual care groups.

4. Discussion

In this study using functional neuroimaging to investigate neural
mechanisms involved in the effect of a behavioural intervention
incorporating PST, we found that PST induced early changes in neural
circuit function that was associated with subsequent change in both
depression and problem-solving ability outcomes. To our knowledge,
this is the first intervention study utilising an experimental medicine
framework to shed light on early neural changes that may explain
why some individuals with depression improve in response to behav-
ioural PST interventions relative to usual care, whether the response
is sustained, and why others may not.

The PST was delivered as a core component of an integrated col-
laborative care intervention for patients with comorbid depression
and obesity, randomly assigned to receive PST or usual care. Our first
insight was that early changes within the negative affect circuit
engaged by threat, and amygdala engagement in particular, mediated
[41] subsequent improvements in depressive symptom severity and
problem-solving ability. Early changes in circuit function were
observed at two months after PST commenced. Early changes in both
circuit engagement and in the strength of coupling between circuit
change and symptom change differed between PST and usual care
groups. Circuit function worsened for the usual care group, reflected
in exacerbation of amygdala hyperactivation, and showed a stronger
association with more severe depression outcomes. By contrast, both
of these effects were tempered in the PST group. This suggests that
compared with usual care, PST lessened amygdala activity in
response to threat cues and lessened the exacerbation in depressive
symptomology and maladaptive problem-solving behaviour for the
same degree of amygdala hyperactivation.
These changes were observed when we probed the negative affect
circuit using threat-related stimuli. Our second insight was that addi-
tional early changes in activation of the insula, observed when
engaged by sad stimuli, were associated with later changes in prob-
lem-solving ability at 6 months and sustained this association at 12
months for the usual care group, accompanied by tempering of this
relationship in the PST group. This suggests that targeted interven-
tion strategies that can improve insula activity in response to sad
cues may optimize the effect of PST on problem-solving ability.

Few studies to date have utilized biological markers in the context
of randomized trials of behavioural therapies for depression [23].
However, a recent systematic review and meta-analysis found that, of
these studies, neuroimaging shows promise in predicting response to
behavioural therapies when compared to other biological markers
such as inflammatory and immune function markers [23]. In a prior
practical trial by one of our senior authors using the same emotion
stimuli to engage the negative affect circuit, individuals with depres-
sion who failed to respond clinically to commonly prescribed antide-
pressants were characterised by heightened amygdala activity at the
pre-treatment baseline compared with responders [24]. In this prior
trial, clinical response was assessed within an acute period of 8 weeks.
The present findings suggest that PST acted to prevent exacerbation of
amygdala hyperactivation within the initial 2-month period of inter-
vention which may in turn have protected against subsequent severity
of depression symptoms, our primary clinical outcome, after a longer
period of 6 months. Notably, the present study demonstrated a greater
relative reduction in amygdala activity following PST over 2 months in
the intervention group compared with usual care.

The inclusion of a behavioural outcome, problem-solving ability,
in addition to the clinical outcome, depression symptom severity,
was an additional novel feature of the present study. Within the neg-
ative affect circuit, insula activity engaged by sad (rather than threat-
related) stimuli was furthermore distinctly associated with subse-
quent problem-solving ability outcomes. These early changes in
insula activity engaged by sad and associated with changes in prob-
lem-solving ability were sustained through to 12-month follow-up.
That changes in insula activity predict later problem-solving out-
comes suggests a specific neural region of negative affect circuit func-
tion involved in depression-related processes targeted by PST. These
findings inform the potential for targeted intervention strategies to
modify this insula target and behavioural outcomes in a manner that
is synergistic with the effect of PST on the amygdala and clinical out-
comes. The association of anterior insula activity with changes in
problem-solving ability also has implications for treating depression
in the context of obesity. The anterior insula receives integrated
homeostatic and interoceptive signals from visceral organs and is
strongly implicated in conscious perception of emotional and auto-
nomic states [42]. Not surprisingly, therefore, the insula has been
identified as a key region involved in both depressogenic as well as
obesogenic behaviours [43].

In light of our findings that the level of amygdala activity in
response to negative affective stimuli was lessened (i.e., improved) in
PST relative to usual care, that these changes occurred soon after the
intensive initial phase of PST, and that they mediated later changes in
clinical outcomes, it is clear that future research is needed to further
probe the specificity of neural targets, intervention effects and the
more granular time course of circuit-outcome changes.

This study is, to our knowledge, unique in assessing neural targets
in relation to PST for depression in the context of comorbid obesity.
Thus, the questions of whether the findings are specific to this highly
vulnerable population, as well as refinements to the precision of our
effect size estimates, some of which are smaller might have been
anticipated based on prior literature, will require further investiga-
tion. In the parent RAINBOW trial, the range of response differed
markedly [44] as is also the case for pharmacotherapy trials, indicat-
ing that a more stratified, personalized approach focused on
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subgroups could be of value. In the parent RAINBOW trial, the range
of response differed markedly [41] as is also the case for pharmaco-
therapy trials, indicating that a more stratified, personalized
approach focused on subgroups could be of value. In particular, sub-
sequent studies could pursue strategies based on augmentation of
treatment or stratification based on the neural targets identified
here, as well as the use of moderated mediation statistical designs,
both to provide additional mechanistic insight and to further investi-
gate the potential of treatment tailoring within a precision medicine
framework. Although direct investigation of neural targets related to
obesity was outside the scope of the present study, future studies are
also warranted to explore potential targets for intervention that cen-
tre on the insula within the negative affect circuit, and problem-solv-
ing ability in weight as well as in depression management, as well as
to identify relationships between neural and behavioural mediators
of treatment response [45]. Future research is also warranted to
extend the approach presented here to those additional neural cir-
cuits and potential target mediators supported as candidates by the
accumulating basic neuroscientific literature on depression and obe-
sity.

5. Caveats and limitations

The study has several limitations. First, allocation of participants
from RAINBOW parent trial to the ENGAGE subsample occurred inde-
pendently prior to treatment assignment, because of this link with
the parent trial. This procedure might limit the net benefit of the ran-
dom assignment based on Pocock's covariate-adaptive minimization
for the present intervention study. Second, the participants in the
ENGAGE sample were primarily non-Hispanic White, women, and
college educated, and our healthy comparison sample was younger
on average than the study group. Therefore, it will be important to
determine whether the effects in the current study generalise to a
more diverse sample. Relatedly, while treatment arms were matched
in age, our healthy comparison sample was younger on average than
the study group and thus we cannot rule out a contribution of age in
comparisons between clinical participants and healthy controls.
Future studies will be needed to assess whether the findings are rep-
licable, in regard to the generalizability of the findings and the repro-
ducibility of the design, measures and findings. In parallel, it would
be important in further prospective designs to confirm that optimiz-
ing interventions to engage circuit target mediators positively
impacts outcomes and to identify how those neural target mediators
might be used in biomarker and stratification designs to optimise
inventions for each person. Task-based neuroimaging measures have
shown varying levels of within-subject reliability, and additionally,
given higher levels of scanner bed movement in this population, we
applied some leniency in our spike thresholding; both of these factors
could have impacted our ability to detect changes in some targets. A
further consideration is that the primary outcome measures were not
available at the time of the 2-month imaging assessment because the
2-month time point was included specifically for ENGAGE and the
outcome timepoints were pre-planned for the parent RAINBOW trial.
While this was a planned aspect of the design, it limits the ability to
resolve the precise time scale in which clinical and behavioural out-
comes are changing as a function of intervention relative to changes
in neural targets. As such, we cannot rule out the alternative that
change in depressive symptoms preceded amygdala activation
change. Finally, it would be important for our a priori negative affect
circuit targets to be evaluated in future trials designed specifically to
evaluate the extent to which they are reproducible and generalizable.

6. Conclusion

In summary, our findings identify neural circuit targets that are
both changed by a problem-solving intervention for depression and
relate to subsequent clinical and behavioural outcomes, and thus
offer an important stepping-stone toward optimizing such interven-
tions. First, we demonstrated that neural targets have promise for
revealing potential mechanisms by which behavioural intervention
mediates its effect on subsequent clinical outcomes. Second, our
observation that PST produced early change in regions of the negative
affect circuit which were associated with subsequent clinical out-
comes suggests that PST may exert its impact on both depression and
problem-solving ability through mechanisms that include early
changes in stimulus-dependent brain plasticity. The neural mecha-
nisms by which PST exerts its effect are not yet understood. Our find-
ings made a step toward this understanding. They inform future
trials in which elucidation of such neural mechanisms will be critical
to optimizing delivery and implementation of interventions in clini-
cal practice, in order to curtail the adverse consequences associated
with complex presentations of depression.
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