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ABSTRACT
Background: Depression hinders obesity treatment; elucidating
mechanisms may enable treatment enhancements.
Objectives: The aim was to investigate whether changes in neural
targets in the negative affect circuit following psychotherapy mediate
subsequent changes in weight and behaviors.
Methods: Adults (n = 108) with obesity and depression were
randomly assigned to usual care or an intervention that delivered
problem-solving therapy (PST) for depression over 2 mo. fMRI for
brain imaging was performed at baseline and 2 mo. BMI, physical
activity, and diet were measured at baseline and 12 mo. Mediation
analysis assessed between-group differences in neural target changes
using t test and correlations between neural target changes and
outcome changes (simple and interaction effect) using ordinary least-
squares regression.
Results: Compared with usual care, PST led to reductions in left
amygdala activation (−0.75; 95% CI: −1.49, −0.01) and global
scores of the negative affect circuit (−0.43; −0.81, −0.06), engaged
by threat stimuli. Increases in amygdala activation and global
circuit scores at 2 mo correlated with decreases in physical activity
outcomes at 12 mo in the usual-care group; these relations were
altered by PST. In relation to change in leisure-time physical activity,
standardized β-coefficients were −0.67 in usual care and −0.01
in the intervention (between-group difference: 0.66; 0.02, 1.30) for
change in left amygdala activation and −2.02 in usual care and −0.11
in the intervention (difference: 1.92; 0.64, 3.20) for change in global
circuit scores. In relation to change in total energy expenditure,
standardized β-coefficients were −0.65 in usual care and 0.08 in the
intervention (difference: 0.73; 0.29, 1.16) for change in left amygdala
activation and −1.65 in usual care and 0.08 in the intervention

(difference: 1.74; 0.85, 2.63) for change in global circuit scores.
Results were null for BMI and diet.
Conclusions: Short-term changes in the negative affect circuit
engaged by threat stimuli following PST for depression mediated
longer-term changes in physical activity. This trial was registered at
www.clinicaltrials.gov as NCT02246413 (https://clinicaltrials.gov/c
t2/show/NCT02246413). Am J Clin Nutr 2021;114:2060–2073.
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Introduction
Obesity often manifests with comorbid mood disorders such as

depression (1). Unfortunately, adults with obesity and comorbid
depression face additional psychological, physiological, and
behavioral challenges to weight loss that impair adherence
and response to current treatment. Emotion dysregulation may
be an important barrier to effective weight loss and lifestyle
behavior change. Studies have shown that emotion dysregulation
is associated with obesity (2), depression (3), and maladaptive
behaviors (e.g., overeating and binge eating) (4–8). Emotion
dysregulation may limit the effectiveness of weight-loss interven-
tions by increasing vulnerability to maladaptive behaviors that
accompany stress and negative affect. Indeed, stress and negative
affect can elicit avoidance or maladaptive coping strategies
such as overeating and binge eating (7, 9). Moreover, stress
is associated with less engagement in physical activity among
individuals already exhibiting low levels of physical activity (10).
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One promising approach to treating comorbid obesity and
depression is to integrate psychotherapy for depression with
behavioral weight-loss treatment. The Research Aimed at Im-
proving Both Mood and Weight (RAINBOW) trial demonstrated
that, compared with usual care, an integrated collaborative
care intervention led to significantly improved weight loss
and depressive symptoms over 12 mo (11). However, the
intervention effects were modest and heterogeneous (12). In
addition, the intervention did not lead to improved physical
activity and diet at 12 mo, compared with usual care, and
exploration of behavioral change mechanisms showed mixed
findings (13). In alignment with the Science of Behavior Change
(SOBC) experimental medicine approach (14), further research
is warranted to investigate objective and biologically plausible
mechanistic targets for treatment enhancement. The available
literature suggests promise in a new line of inquiries to better
understand the degree to which engagement of specific neural
targets relevant to emotion regulation promotes weight loss, or
more specifically, physical activity and improved diet among
adults with comorbid obesity and depression.

Previous reviews have synthesized the literature on neural
circuit dysfunctions characteristic of emotion dysregulation and
of mood disorders such as depression (15, 16). For example,
depression has been characterized by heightened amygdala
activity to threat-related and mood-congruent sad emotion
stimuli along with a loss of amygdala regulation by cortical
regions such as the anterior cingulate (17). Reduced functional
connectivity between the amygdala and anterior cingulate cortex
(ACC) has also been observed in response to threat and sad
stimuli in unmedicated patients with major depressive disorder
(18). Changes in amygdala activity correlate with response
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to cognitive-behavioral therapy for depression (19, 20) and
antidepressants (21). To our knowledge, however, no study
has investigated these neural targets in response to depression
treatment for weight loss and behavior change among patients
with comorbid obesity and depression using a randomized
clinical trial (RCT) design.

This proof-of-mechanism pilot RCT leveraged neuroimaging
data from the ENGAGE (Engaging self-regulation targets to
understand the mechanisms of behavior change and improve
mood and weight outcomes) study (22), which was conducted
in a RAINBOW subsample. The a priori neural targets included
neural regions of the negative affect circuit involved in the
regulation of negative emotions (threat and sadness). The
objective of this study was to investigate whether early changes in
these neural targets following problem-solving therapy (PST) for
depression over 2 mo mediated treatment outcomes for weight,
physical activity, and diet at 12 mo. This is a necessary step before
a larger, adequately powered, hypothesis-driven mechanistic
study could be designed.

Methods
The Institutional Review Boards of the University of Illinois

at Chicago and Stanford University approved the study. All
participants provided written informed consent.

Participants

The study sample (n = 108) was a subset of the RAINBOW
sample (n = 409) who also consented to the ENGAGE
trial (Figure 1). Participants were recruited from family and
internal medicine departments in 4 medical centers of Sutter
Health’s Palo Alto Medical Foundation. Adults of any sex
and race/ethnicity were eligible if they had BMI ≥30 (≥27 if
Asian) and clinically significant depressive symptoms defined
by a 9-item Patient Health Questionnaire (PHQ-9) score ≥10,
without serious medical or psychiatric comorbidities or other
exclusions. Participants were recruited from 29 November 2015
to 25 October 2016; the date of the final 12-mo follow-up was
30 October 2017. To comply with NIH reporting requirements,
participants were asked to self-identify their race and ethnicity
from fixed categories.

Study procedures, randomization, and blinding

Detailed study procedures were reported in the RAINBOW
and ENGAGE trial protocols (22, 23). A preprint of this
manuscript was published (24). Funding of this study began
after about half of the RAINBOW sample had been enrolled,
and subsequent participants were offered the option to enroll
in RAINBOW only or in RAINBOW and ENGAGE during
the informed consent. RAINBOW participants (including those
who also enrolled in ENGAGE) were randomly assigned to
receive the Integrated Coaching for Better Mood and Weight (I-
CARE) intervention or usual care using a validated online system
(25) based on Pocock’s covariate-adaptive minimization (26).
This method was used to achieve better-than-chance marginal
balance across multiple baseline characteristics: clinic, age, sex,
race/ethnicity, education, BMI, depression Symptom Checklist
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FIGURE 1 ENGAGE CONSORT chart. 1Numbers excluded from Path A analyses are relative to participants at baseline; numbers excluded from Path B
analyses are relative to participants included in Path A. CONSORT, Consolidated Standards of Reporting Trials; ENGAGE, Engaging self-regulation targets
to understand the mechanisms of behavior change and improve mood and weight outcomes; I-CARE, Integrated Coaching for Better Mood and Weight; PAR,
physical activity recall; RAINBOW, Research Aimed at Improving Both Mood and Weight.

20-items (SCL-20) score, currently taking antidepressant medi-
cation, and number of hospitalizations in the past year. After this
study began, participants’ choice of enrolling in RAINBOW only
or in RAINBOW and ENGAGE was added as a balancing factor.
Investigators not involved in delivery of the study intervention,
the data and safety monitoring board, outcome assessors, and the
data analyst were blinded to participants’ treatment assignment
until the end of the study.

Intervention

I-CARE was a 12-mo intervention that combined the Group
Lifestyle Balance (GLB) program (27) for weight loss and PST
involving the 7-step problem-solving and behavioral activation
strategies as first-line, plus antidepressant medications as needed,
for depression care management (28, 29). The first 2 mo of inter-
vention focused on depression only with 6 in-person individual
PST sessions. This was followed by 3 additional PST sessions
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for depression and 11 home GLB videos on lifestyle changes for
weight loss by 6 mo and 6 maintenance calls by 12 mo. According
to the RAINBOW medication protocol, the study supervising
psychiatrist followed stepped depression-care strategies and
recommended initiating or adjusting antidepressant medications
for intervention participants with unremitting symptoms (e.g.,
PHQ-9 score >50% of baseline by week 10). Therefore, it was
unlikely for antidepressant medication initiation or adjustment to
have occurred by month 2 of the intervention. [See details in the
RAINBOW protocol (23) and Supplemental Table 1.]

Usual care

Participants in both the intervention and usual-care control
groups were advised to continue their routine health care. All
participants also received information on mental health services
and weight-management and other wellness programs routinely
available at their clinic. Control participants received a wireless
activity tracker with batteries but not any other intervention
materials. The activity tracker was used as a self-monitoring tool,
not for outcome measurement.

Outcome measures

Outcome measures included BMI as the primary outcome and
physical activity and dietary intake as secondary outcomes, all
prespecified in the protocol (23) and measured at baseline and
12 mo. Following standardized protocols (30), trained research
staff measured height (baseline only) and body weight. BMI was
calculated as weight (kg) divided by height squared (m2).

Trained staff interviewed participants to conduct one 7-
d Physical Activity Recall (31) and one multiple-pass 24-h
dietary recall using the Nutrition Data System for Research
(NDSR) (32, 33). The validity of these measures was assessed
in diverse populations, including those with obesity or other
comorbidities (34, 35). Physical activity was assessed as
metabolic equivalent task (MET) minutes per week of leisure-
time physical activity of at least moderate intensity based
on the sum of the weighted physical activity minutes for
moderate (weight: 4 METs), hard (weight: 6 METs), and
very hard (weight: 10 METs) activities from the 7-d Physical
Activity Recall (36, 37). Also, total energy expenditure provides
estimates of total daily energy expenditures in kilocalories
per kilogram per day and was derived from MET-minutes/day
using the conversion 1 MET = 1 kcal · kg−1 · h−1 (36, 37).
NDSR data provided total caloric intake (kilocalories/day),
and as an index of overall diet quality, the DASH (Dietary
Approach to Stop Hypertension) score was computed based on
9 nutrient targets (total fat, saturated fat, protein, cholesterol,
fiber, magnesium, calcium, sodium and potassium) (38) provided
by the NDSR software.

Potential mediators: neural targets

Participants underwent functional neuroimaging using an
established facial emotion task at baseline and 2 mo. The decision
to add the 2-mo follow-up time point for neuroimaging was based
on current knowledge about the timescale of activity-dependent
brain plasticity (39). We were specifically interested in this early
timescale within which the intervention could initially modify

neural circuit function and for which neural changes might lead
to subsequent health outcomes.

Imaging sequences.

fMRI was performed at baseline and 2 mo. We implemented
previously established functional neuroimaging sequences and
parameters as defined in our prespecified protocol (see Supple-
mental Methods for details) (22).

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. Standardized sets of
3D evoked facial expressions of emotion stimuli were presented
in pseudorandom order, with 5 repeated blocks of 8 stimuli per
block for each emotion relative to neutral blocks (40).

During the conscious viewing condition, each face was
presented for 500 ms, with an interstimulus interval 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 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
presented for 10 ms followed immediately by a neutral face mask
stimulus for 150 ms, and with a stimulus onset asynchrony of
1250 ms to match that of the conscious condition (40). Informed
by findings for depression we focused on the nonconscious
viewing condition for threat and the conscious viewing condition
for sad (15, 16).

Pre-processing.

Pre-processing of functional data included realignment and
unwarping, normalization to a standardized template, and 8-mm
Full Width Half Maximum Gaussian smoothing. 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 a total of n = 89 and n = 74 for the baseline and 2-mo
imaging sessions, respectively.

Defining and quantifying primary and secondary neural target
regions of interests.

A priori–defined primary target regions of interest (ROIs) were
the subgenual ACC (sgACC) and amygdala (bilaterally) for threat
and the pregenual ACC (pgACC), amygdala (bilaterally), and
anterior insula (bilaterally) for sad. Patient-level activation of the
ROIs for the contrast of each emotion (threat or sadness) minus
neutral was derived in a manner consistent with the methods used
for a healthy reference sample (21, 40–42).

Secondary neural targets 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, we
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FIGURE 2 (A, B) Conceptual framework for mediation analysis. Primary neural targets: sgACC and amygdala (bilaterally) for nonconscious threat stimuli,
and the pgACC, amygdala (bilaterally), and anterior insula (bilaterally) for conscious sad stimuli. Secondary neural targets: connectivity between sgACC and
bilateral amygdala and global circuit score for nonconscious threat stimuli, and connectivity between pgACC and bilateral amygdala, connectivity between
pgACC and bilateral anterior insula, and global circuit score for conscious sad stimuli. GLB, Group Lifestyle Balance; pgACC, pregenual anterior cingulate
cortex; PST, problem-solving therapy; sgACC, subgenual anterior cingulate cortex.

focused on connections between the amygdala and the pgACC as
well as the anterior insula and pgACC. Functional connectivity
was computed using a psychophysiological interaction (PPI)
procedure (see Supplemental Methods for details). Similarly, PPI
analyses were used to quantify functional connectivity between
ROIs (43). Quantification of connectivity followed the previously
established systematic procedure (41).

Each of the activation and connectivity values was expressed
in SD units relative to the healthy reference sample (41). Through
this procedure, activation values were interpretable relative to a
healthy reference mean of zero. Then the values were winsorized
using ±3 SDs.

Also, of secondary interest was to provide an overall neural
measure of negative affect circuit function, where 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 (see Supplemental Methods
for details) (41, 44). Higher global circuit scores indicate greater
dysfunction according to our theoretical framework (15, 16).

Statistical analysis

Longitudinal mediation analysis was conducted to assess
whether change in a potential mediator from baseline to 2 mo
mediated change in an outcome from baseline to 12 mo. This
analytical approach was also used in a recent publication (45)
based on data from the same trial to assess whether changes in
the same neural measures mediated changes in depression and
problem-solving outcomes. According to Kraemer et al. (46), we
defined that mediation exists if a potential mediator meets the
following 2 conditions: First, there is a significant effect of the
intervention compared with control (X) on the potential mediator
(M, X→M Path A). Second, the potential mediator is significantly

associated with the outcome either as a simple effect in the usual-
care group or an interaction effect with the intervention relative
to the usual-care group (M→Y Path B) (Figure 2).

Path A was assessed using the t test to obtain mean differences
and 95% CIs. For Path B, the ordinary least-squares regression
(� Yt = 12 = Y0 + X + �Mt = 2 + X�Mt = 2 + ε) was used to
test the association of change in a potential mediator at 2 mo
(�Mt = 2) with change in an outcome at 12 mo (�Yt = 12) within
the usual-care group (simple effect, X with usual care = 0,
intervention = 1) and the difference in the size of the treatment
effect between the intervention and usual-care groups at different
levels of the mediator (interaction effect, X�Mt = 2), adjusting
for the baseline value of the outcome measure (Y0). To do this,
each outcome was standardized using the baseline SD of the
RAINBOW sample for uniform comparison of effect sizes across
measures with different units. Complementarily, associations of
changes in neural targets at 2 mo with changes in outcomes in
the original scales are presented in Figure 3. Completer analyses
were conducted using data from participants who completed
fMRI at baseline and 2 mo (Path A analyses) as well as the
outcome measures at 12 mo (Path B analyses) (see Figure 1 for
numbers of subjects included in all the analyses). Participants
were analyzed based on the group to which they were randomly
assigned.

To aid transparent interpretation, we present P values un-
adjusted and adjusted (Padj) using the false discovery rate
(FDR) procedure (47) to control the family error rates across
tests of similar hypotheses. Specifically, for each path in a
given mediation model, we grouped neural targets by category
(primary targets engaged by threat and sad stimuli separately,
and secondary targets) and applied the FDR procedure across the
resulting family of related tests for that path (see Supplemental
Table 2 for families of tests used to calculate FDR-adjusted P
values). Due to the pilot nature of this proof-of-mechanism study,
we focused on reporting standardized mean estimates with 95%
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FIGURE 3 Problem-solving therapy–induced negative affect circuit engagement at 2 mo mediates subsequent physical activity improvements at 12 mo.
(Path A) Early change in neural target engagement for intervention versus usual care at 2 mo, assessed using the t test. (Path B) Association of early change in
neural target engagement at 2 mo with subsequent change in leisure-time physical activity and total energy expenditure at 12 mo, tested using ordinary least-
squares regression. All changes are relative to baseline. Path A and Path B results are represented by dark-orange circles and lines for the intervention group and
light-orange circles and lines for the usual-care group. For the box plots, the central thick black bar represents the mean, gray-shaded boxes represent SE (dark
gray) and SD (lighter gray) of the mean, and the whiskers represent 2 SDs of the mean. The impacts on the intervention on physical activity are reported in Rosas
et al. (13) for the full RAINBOW trial. 1BOLD activation vs. neutral cue, z-scored. 2The interview-administered Stanford 7-d Physical Activity Recall provided
MET minutes/week for leisure moderate activity. Leisure-time physical activity = non–work-related moderate activity minutes/week × 4 METs + hard activity
minuntes/week × 6 METs + very hard activity minutes/week × 10 METs. One MET is defined as the energy expenditure for sitting quietly. 3The Stanford 7-d
Physical Activity Recall data also provided estimates of total daily energy expenditures. Total energy expenditure = sleep hours × 1 MET + light activity
hours × 1.5 METs + moderate activity hours × 4 METs + hard activity hours × 6 METs + very hard activity hours × 10 METs. 4Overall score from BOLD
derived activation and connectivity within the negative affective circuit. L, left; MET, metabolic equivalent task; PAR, physical activity recall .

CIs as recommended in the American Statistical Association
Statement and recent position paper (48, 49) and discussing
effects of medium or larger size, especially where there were
consistent findings across related measures.

All analyses were conducted using SAS, version 9.4 (SAS
Institute, Inc.). Figures were generated using the ggplot2 package
in R (version 3.5.0; R Foundation for Statistical Computing).

Sample size calculation

This mechanistic pilot trial was, by design, not fully powered
to test focused hypotheses about the existence of particular
mediators. Rather, it was designed to generate strong hypotheses
for future experimental studies that would formally test a priori
hypotheses about specific mediators in relation to the cause and
effect of a treatment on an outcome. Accordingly, the sample size
was determined by operational feasibility (e.g., the start of this
study in relation to the time course in the then-ongoing parent
RAINBOW trial and available funding) and the design choice to

focus on medium or larger effects given the likely limited clinical
relevance of small effects. When considering all combinations of
treatment-to-mediator (Path A) and mediator-to-outcome (Path
B) effects in a suitable effect size metric, S = 0.14 is small
(akin to Cohen’s d = 0.20), H = 0.26 is halfway between small
and medium (d = 0.35), M = 0.39 is medium (d = 0.50), and
L = 0.59 is large (d = 0.80) (50). Considering the medium to
large effect size combinations of HH, HM, MH, and MMfor the
joint mediation Path A and Path B, a sample size of at least 100
participants for the ENGAGE subsample was selected to detect
medium effect sizes (Cohen’s d: 0.3–0.5) in predicting treatment
outcomes assuming 80% completion rates.

Results

Sample characteristics

Baseline characteristics of the 108 participants are shown
in Table 1. Similar to the overall RAINBOW sample (11),
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TABLE 1 Baseline characteristics by treatment group1

Intervention (n = 59) Usual care (n = 49)

Clinics in the Bay Area,2 n (%)
Los Altos 2 (3) 1 (2)
Sunnyvale 3 (5) 3 (6)
Palo Alto 36 (61) 29 (59)
Mountain View 18 (31) 16 (33)

Age,2 mean (SD), y 52.4 (11.6) 51.6 (12.0)
Sex,2 n (%)

Female 42 (71) 31 (63)
Male 17 (29) 18 (37)

Race/ethnicity,2 n (%)
Non-Hispanic White 46 (78) 35 (71)
Black 1 (2) 0 (0)
Asian/Pacific Islander 5 (8) 3 (6)
Hispanic 4 (7) 7 (14)
Other3 3 (5) 4 (8)

Education,2 n (%)
High school graduate or GED 2 (3) 4 (8)
Some college 10 (17) 14 (29)
Undergraduate degree 28 (47) 15 (31)
Graduate level work or degree 19 (32) 16 (33)

BMI,2 mean (SD), kg/m2

Both sexes 34.9 (5.2) 36.3 (4.9)
Women 35.2 (5.5) 37.6 (5.2)
Men 34.2 (4.2) 34.0 (3.5)

Weight, mean (SD), kg
Both sexes 98.8 (17.1) 104.2 (13.2)
Women 94.7 (16.5) 100.8 (13.4)
Men 108.9 (14.5) 109.9 (11.0)

Height, mean (SD), cm
Both sexes 168.1 (10.1) 169.8 (10.6)
Women 163.9 (8.4) 163.8 (7.2)
Men 178.4 (5.7) 180.0 (7.0)

PHQ-9 score, mean (SD)4 14.0 (3.1) 13.4 (2.9)
SCL-20 score, mean (SD)2,5 1.5 (0.6) 1.6 (0.5)
GAD-7 score, mean (SD)6 7.8 (4.3) 8.02 (5.0)
Taking antidepressant medications,2,7 n (%) 24 (41) 19 (39)
Hospitalized during the last year,2,7 n (%) 7 (12) 4 (8)
Depression diagnosis or treatment, n (%) 39 (66) 33 (67)
Employment status, n (%)

Full-time 34 (58) 28 (57)
Part-time 10 (17) 5 (10)
Unemployed 15 (25) 16 (33)

Income, n/total n (%)
<$75,000 8/53 (15) 15/46 (33)
$75,000–$150,000 21/53 (40) 13/46 (28)
≥$150,000 24/53 (45) 18/46 (39)

Insurance, n (%)
Preferred provider organization 42 (71) 27 (55)
Health management organization 12 (20) 18 (37)
Medicare fee for service 5 (8) 2 (4)
Other insurance 0 (0) 2 (4)

Marital status, n (%)
Married or living with a partner 35 (59) 30 (61)
Single, separated, divorced, or widowed 24 (41) 19 (39)

Household size, n (%)
<2 14 (24) 7 (14)
2 23 (39) 20 (41)
≥ 3 22 (37) 22 (45)

1GAD-7, 7-Item Generalized Anxiety Disorder; GED, general equivalency diploma; PHQ-9, 9-item Patient Health
Questionnaire; SCL-20, Depression Symptom Checklist 20-items.

2Randomization balancing factors.
3Includes 1 participant reporting mixed race and 2 reporting other race (unspecified) in the intervention group; 4 participants

reporting mixed race in the usual-care control group.
4PHQ-9, total scores of the 9 items with a range from 0 (no symptoms) to 27 (most severe symptoms). PHQ-9 cutoff points

of 10, 15, and 20 correspond to moderate, moderately severe, and severe depression, respectively.
5SCL-20, total average scores of the 20 items with a range from 0 (not at all) to 4 (extremely). SCL-20 cutoff points of 1.5

and 2.0 correspond to moderate and severe depression, respectively.
6GAD-7, total scores of the 7 items with a range from 0 (no symptoms) to 21 (most severe symptoms). GAD-7 cutoff points

of 5, 10, and 15 correspond to mild, moderate, and severe anxiety, respectively.
7Based on patient self-report at screening.
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ENGAGE participants had moderately severe obesity, a mean
BMI of 35.5 (SD: 5.1), and moderate depression (mean SCL-20
score: 1.5; SD: 0.5).

Neural targets engaged by threat-related stimuli

Intervention effect on neural target changes (Path A).

Among the primary neural targets engaged by threat stimuli,
mean changes in amygdala activity from baseline to 2 mo were
−0.75 (95% CI: −1.49, −0.01; P = 0.049, Padj = 0.10) for
the left amygdala and −0.63 (95% CI: −1.30, 0.05; P = 0.07,
Padj = 0.10) for the right amygdala in the intervention compared
with the usual-care group (Table 2 and Figure 3). In addition,
the mean change in global circuit scores from baseline to 2 mo
was −0.43 (95% CI: −0.81, −0.06; P = 0.02, Padj = 0.18) in
the intervention compared with the usual-care group. While these
results suggest medium effects, the Padj values are all >0.05.
Results for changes in sgACC activity and connectivity between
the sgACC and the bilateral amygdala from baseline to 2 mo
showed no evidence for differences between the intervention and
usual-care groups.

Association of neural target changes with outcomes (Path B).

Increases in amygdala activity for threat stimuli from baseline
to 2 mo were associated with decreases in leisure-time physical
activity and total energy expenditure from baseline to 12 mo in
the usual-care group, but this inverse relation was tempered or
reversed in the intervention group (Table 3 and Figure 3). For the
left amygdala, the usual-care effect was −0.67 (95% CI: −1.14,
−0.21; P = 0.01, Padj = 0.03) and the interaction effect was
0.66 (95% CI: 0.02, 1.30; P = 0.04, Padj = 0.08) for leisure-time
physical activity, and the usual-care effect was −0.65 (95% CI:
−0.97, −0.33; P < 0.001, Padj = 0.001) and the interaction effect
was 0.73 (95% CI: 0.29, 1.16; P = 0.002, Padj = 0.005) for total
energy expenditure. For the right amygdala, the usual-care effect
was −0.56 (95% CI: −1.04, −0.07; P = 0.03, Padj = 0.05) and
the interaction effect was 0.61 (95% CI: 0.03, 1.18; P = 0.04,
Padj = 0.06) for total energy expenditure. Similarly, an inverse
relation was observed between change in global circuit scores
for threat stimuli from baseline to 2 mo and changes in leisure-
time physical activity and total energy expenditure from baseline
to 12 mo among the usual-care group, which was altered in the
intervention group. The usual-care effect was −2.02 (95% CI:
−3.05, −1.00; P < 0.001, Padj = 0.005) and the interaction effect
was 1.92 (95% CI: 0.64, 3.20; P = 0.004, Padj = 0.03) for leisure-
time physical activity, and the usual-care effect was −1.65 (95%
CI: −2.36, −0.95; P < 0.001, Padj < 0.001) and the interaction
effect was 1.74 (95% CI: 0.85, 2.63; P < 0.001, Padj = 0.002)
for total energy expenditure (Table 3 and Figure 3). While these
results suggest medium or larger effect sizes, for some, Padj values
are >0.05.

Results for associations between the remaining neural target
changes engaged by threat stimuli and changes in leisure-time
physical activity and total energy expenditure and between
changes in any neural targets engaged by threat stimuli and
changes in BMI, total caloric intake, and DASH scores were null
(Table 3).

Neutral targets engaged by sad stimuli

Intervention effect on neural target changes (Path A).

There was no evidence that changes in any of the primary and
secondary neural targets engaged by sad stimuli from baseline to
2 mo differed between the intervention and the usual-care groups.

Association of neural target changes with outcomes (Path B).

Decreased connectivity between the pgACC and the left
anterior insular engaged by sad stimuli from baseline to 2 mo
was associated with increased caloric intake from baseline to
12 mo in the usual-care group (−0.40; 95% CI: −0.71, −0.08;
P = 0.02, Padj = 0.12), but this inverse relation was reversed
in the intervention group (0.47; 95% CI: 0.10, 0.84; P = 0.01,
Padj = 0.12). Decreased connectivity between the pgACC and
the right anterior insular engaged by sad stimuli from baseline to
2 mo was associated with decreased overall dietary quality based
on change in DASH scores from baseline to 12 mo in the usual-
care group (0.62; 95% CI: 0.03, 1.20; P = 0.04, Padj = 0.31),
but this relation was reversed in the intervention group (−0.72;
95% CI: −1.38, −0.07; P = 0.03, Padj = 0.31) (Supplemental
Table 3). The observed effects were of medium size, but the Padj

values are all >0.05.
Results for associations between the remaining neural target

changes engaged by sad stimuli and changes in caloric intake and
overall dietary quality and between changes in any neural targets
engaged by sad stimuli and changes in BMI, leisure-time physical
activity, and total energy expenditure were null (Supplemental
Table 3).

Discussion
This proof-of-mechanism pilot study found that neural target

changes in the negative affect circuit in response to early PST for
depression could mediate or associate with subsequent changes
in physical activity and diet. First, reductions in left amygdala
activity and global circuit scores for threat stimuli following
2 mo of PST for depression mediated subsequent improvements
in leisure-time physical activity and total energy expenditure at
12 mo. These results were demonstrated for both Paths A and
B, thereby meeting the study definition of mediation. Second,
increases in right amygdala activity for threat stimuli at 2 mo
associated with decreases in total energy expenditure at 12 mo
in the usual-care group, but this inverse relation was reversed in
the intervention group. Third, decreased functional connectivity
between pgACC and anterior insula for sad stimuli at 2 mo was
associated with increased caloric intake and decreased overall
dietary quality at 12 mo in the usual-care group, and PST for
depression reversed these relations. However, changes in right
amygdala activity for threat stimuli and connectivity between
pgACC and anterior insula for sad stimuli from baseline to
2 mo did not differ significantly between the intervention and
the usual-care groups. Cumulatively, these findings suggest that
improvements in weight-related health behaviors at the end of the
integrated collaborative care intervention for comorbid obesity
and depression over 12 mo may depend on early changes in
specific neural regions of the negative affect circuit. The results
for BMI change at 12 mo did not suggest a meaningful relation
with any of the neural targets at 2 mo.
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This study showed that early PST for depression during
the integrated collaborative care intervention reduced amygdala
activity for threat stimuli among intervention compared with
usual-care participants by 2 mo. Activity in the amygdala is
critical for affective responses to negative stimuli and is altered
by depression (3). As such, attenuated threat reactivity in the
bilateral amygdala observed in the intervention group relative
to usual care at 2 mo may represent the neural signature of a
successful response to PST, which, in turn, mediated subsequent
improvements in physical activity and energy expenditure
at 12 mo. In line with the SOBC experimental medicine
approach, these findings offer insights into early engagement
and malleability of the posited neural targets with treatment that
demonstrate temporal precedence and meaningful relations to
downstream outcomes. This alone does not establish causality.
Nonetheless, the results can inform the design of an adequately
powered, hypothesis-driven mechanistic study in order to confirm
the causal role of the identified neural mediators in explaining the
treatment effect for the outcomes of interest.

To our knowledge, this is the first study to identify amygdala
reactivity to threat stimuli as a mediator for changes in physical
activity and energy expenditure. Much of the literature to
date has focused on identifying the ability of behavior [e.g.,
acute exercise (51)] and lifestyle interventions (e.g., Tai Chi,
exercise training, weight-loss program) to engage neural circuits
of interest (52–55). These prior studies suggest that certain
interventions can selectively activate or inhibit neural targets
(e.g., default mode, attention/limbic, and executive control
networks), but these observations have not been connected to
changes in health outcomes. Some data suggest that baseline
brain network modularity (i.e., the degree to which a group
of neural components are partitioned into subnetworks) (56)
may predict individuals’ changes in executive/working memory
function following cognitive (57) or exercise-training (58, 59)
interventions. Few data to date, however, have connected changes
in neural target activation from a behavioral intervention with
longitudinal changes in health behavior or outcomes. This study
suggests that reducing amygdala activity for threat cues during
nonconscious emotion processing at an early stage through tar-
geted intervention may improve longitudinal changes in physical
activity and energy expenditure. We speculate that reductions in
nonconscious threat-related amygdala reactivity may reflect an
anxiolytic effect that allows for improved automatic responses
to stressors or sources of negativity (e.g., sources of stress or
negative stimulation in the environment related to family, work
stress, safety, and schedule pressures) that might interfere with
behavioral intention to be physically active (10). This supposition
warrants investigation.

The results identified changes in other neural regions (i.e.,
functional connectivity between pgACC and anterior insula) of
the negative affect circuit for sad stimuli that were predictors,
albeit not mediators, of changes in caloric intake and dietary
quality. These neural regions are notable for being involved in
emotion processing (60). Individuals with obesity may require
greater effort to inhibit craving of pleasant but unhealthy foods
(e.g., high-calorie or high-fat foods), especially in an emotional
context (61). In addition, the insula is directly involved in
interoception and changes in insula activity could reflect actual
changes in perception of internal state (such as hunger vs.
fullness/satiety) (62). Although the initial PST for depression in

this study may not have been specific or potent enough to change
these neural targets, interventions optimized with strategies
to target these neural regions may help reduce vulnerability
to emotional eating in negative emotional (e.g., sad) states
or hypersensitivity to interoceptive signals of hunger, thus
promoting improved eating behaviors among individuals with
comorbid obesity and depression. For example, prior RCTs of
behavioral weight-loss or weight-gain-prevention interventions
found that targeted intervention strategies (e.g., cognitive reap-
praisal, mindful eating, food response, and attention training)
significantly reduced responses in specific neural regions (e.g.,
left midcingulate cortex, midinsula) (63, 64). Prior studies using
functional brain imaging with food stimuli have also identified
links between some of the same neural regions (e.g., amygdala,
insula, ACC) and eating behaviors (e.g., overeating and food
craving) and obesity or weight gain (65, 66). Future studies
of behavioral interventions optimized with strategies aimed at
altering these neural targets are needed to test their possible
causal roles in improving eating behaviors and weight loss.

This study has several limitations. First, given that this was
a mechanistic pilot study with a small sample, the findings are
hypothesis generating, with more research needed to validate and
extend the results. Second, although the interviewer-administered
recalls of 7-d physical activity and 24-h dietary intake have
been validated and widely used in behavioral studies, they are
subject to recall bias and social desirability. Participants with
obesity tend to overestimate their physical activity (34) and
underestimate certain food types (e.g., high-fat foods, snacks)
(67). One day of 24-h recalls may not adequately assess usual
dietary intakes due to day-to-day variation. Future studies should
use objective assessments of physical activity via accelerometry
and repeated measures of dietary intake via multiple 24-h
dietary recalls. Stote et al. (68) suggested more days (e.g., 3
nonconsecutive days per month over 6 mo) might be required
to estimate energy intake in adults who are overweight or obese
compared with those with normal weight, due to their day-
to-day variation. Third, readers should be cautious about the
results from multiple testing. We presented both unadjusted and
adjusted P values to aid transparent interpretation and focused
on results with medium or larger effect sizes and consistency
across related measures. Fourth, that ENGAGE participants were
a subsample of the parent RAINBOW trial may limit the net
benefit of the random assignment based on Pocock’s covariate-
adaptive minimization, although baseline characteristics of the
intervention and usual-care groups appeared balanced. Fifth, the
participants were primarily women, non-Hispanic White, and
college educated. Research on validation and generalizability of
the current findings in independent samples with more diverse
sex/gender, racial/ethnic, and socioeconomic distributions is an
important next step (69). Finally, depression was not measured
at 2 mo, precluding examination of whether early change in
depression symptoms mediated the intervention effects on BMI
and lifestyle behaviors at 12 mo, which will be addressed in our
ongoing trial (69).

Despite these limitations, this pilot RCT sheds light on new
hypotheses about possible neural mechanisms underlying behav-
ioral treatment for obesity in patients with comorbid depression
for testing in future trials. Moving forward, additional research
is warranted to confirm the neural targets that play a causal
role in the mechanism of behavior change for weight loss. This
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would offer a new pathway for precision treatment testing and
optimization within the precision clinical trial framework (70).
For instance, the identified mediators (e.g., amygdala activity and
the global negative affect circuit for threat cues) or predictors
(e.g., connectivity between the pgACC and anterior insula in
response to sad cues) following early PST for depression, if
verified in confirmatory mechanistic studies, may then be used
as intermediate tailoring variables to stratify participants who
need subsequent treatment adjustment for better outcomes in
future trials. These neural targets could be specifically engaged
with noninvasive brain stimulation (e.g., transcranial magnetic
stimulation or transcranial direct current stimulation) as a way
to augment the intervention for those who fail to show target
engagement in the first 2 mo of intervention. Future trials may
also test enhancements of the existing integrated collaborative
care intervention for comorbid obesity and depression (11) with
strategies that target the identified neural mediators or predictors,
such as mindfulness-based emotional eating awareness training
(71, 72) and acceptance and commitment therapy (73).

In conclusion, this study found that blunted amygdala
reactivity and lower global scores of the negative affect circuit
in response to threat stimuli following initial PST for depression
mediated long-term increases in leisure-time physical activity
and total energy expenditure. In addition, despite a lack of
treatment effects, changes in functional connectivity between
the pgACC and anterior insula engaged by sad stimuli at 2 mo
predicted changes in caloric intake and dietary quality at 12 mo.
These findings offer insight into possible neural mechanisms
to target for behavioral weight-loss treatment enhancement in
obesity with comorbid depression.
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