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Neural function during emotion regulation and future
depressive symptoms in youth at risk for affective disorders
Jay C. Fournier 1, Michele Bertocci 1, Cecile D. Ladouceur 1, Lisa Bonar1, Kelly Monk1, Halimah Abdul-Waalee1, Amelia Versace 1,
João Paulo Lima Santos 1, Satish Iyengar2, Boris Birmaher1 and Mary L. Phillips 1

Affective disorders (AD, including bipolar disorder, BD, and major depressive disorder) are severe recurrent illnesses. Identifying
neural markers of processes underlying AD development in at-risk youth can provide objective, “early-warning” signs that may
predate onset or worsening of symptoms. Using data (n= 34) from the Bipolar Offspring Study, we examined relationships
between neural response in regions supporting executive function, and those supporting self-monitoring, during an emotional n-
back task (focusing on the 2-back face distractor versus the 0-back no-face control conditions) and future depressive and hypo/
manic symptoms across two groups of youth at familial risk for AD: Offspring of parents with BD (n= 15, age= 14.15) and offspring
of parents with non-BD psychopathology (n= 19, age= 13.62). Participants were scanned and assessed twice, approximately 4
years apart. Across groups, less deactivation in the mid-cingulate cortex during emotional regulation (Rate Ratio= 3.07(95%
CI:1.09–8.66), χ2(1)= 4.48, p= 0.03) at Time-1, and increases in functional connectivity from Time-1 to 2 (Rate Ratio= 1.45(95%
CI:1.15–1.84), χ2(1)= 8.69, p= 0.003) between regions that showed deactivation during emotional regulation and the right caudate,
predicted higher depression severity at Time-2. Both effects were robust to sensitivity analyses controlling for clinical characteristics.
Decreases in deactivation between Times 1 and 2 in the right putamen tail were associated with increases in hypo/mania at Time-2,
but this effect was not robust to sensitivity analyses. Our findings reflect neural mechanisms of risk for worsening affective
symptoms, particularly depression, in youth across a range of familial risk for affective disorders. They may serve as potential
objective, early-warning signs of AD in youth.

Neuropsychopharmacology (2021) 46:1340–1347; https://doi.org/10.1038/s41386-021-01001-w

INTRODUCTION
Affective disorders (AD; including bipolar disorder, BD, and major
depressive disorder, MDD) are severe recurrent illnesses asso-
ciated with high risk for suicide [1] and poor clinical and functional
outcomes [2, 3]. AD develop in youth through early adulthood [4],
with peak onset of BD typically between adolescence and the
early 20 s [5–8]; and peak onset of MDD in the mid-20s [4]. Twin,
adoption, and high-risk family studies show that BD in particular
runs in families [9–12]. Specifically, the prevalence of BD in first-
degree relatives of adults with BD is 8–10 times that of community
samples [9, 13]. Offspring of parents with BD are also more likely
to develop non-BD affective disorders [10, 14]. Furthermore,
worsening depressive or hypo/manic symptoms often predate the
emergence of BD [9, 10, 14]. Monitoring the development of
affective symptoms and AD progression in offspring of parents
with BD can help to identify those offspring at risk for future/
worsening AD, and, ultimately, those at future risk of BD.
The Bipolar Offspring Study (BIOS) is the largest study

examining risk and progression of AD in offspring of parents with
BD [9]. BIOS and other studies have shown that rates of AD are
~32% [14] and BD ~15–20% [10, 15–17] in offspring of parents
with BD (OBP). Notably, BIOS also recruited offspring of control
parents with non-BD psychopathology [OCP; 10, 14]. These
offspring are at higher risk of AD than offspring of healthy

parents [18–21], although at lower risk of BD than OBP [10, 22].
This allowed BIOS to include offspring recruited across a range of
familial risk for future AD. Although familial AD and presence of
affective symptoms can help predict risk for future AD develop-
ment [10, 23, 24], these factors do not inform understanding of
the neurobiological processes underlying this risk. Identifying
neural markers of these processes can provide “early-warning”
signs that may predate the observable symptoms associated with
the development or worsening of AD and can provide objective
markers to monitor AD progression and treatment outcomes.
Given that emotional dysregulation is a key clinical characteristic

of AD [25], identifying patterns of emotional regulation circuitry
function that are associated with future affective symptom
worsening in at-risk individuals is needed. This neural circuitry
includes the amygdala and striatum, important for processing and
responding to salient cues, lateral prefrontal cortical regions, e.g.,
dorsolateral and ventrolateral prefrontal cortex (dlPFC, vlPFC) and
medial regions, i.e., rostral and dorsal anterior cingulate cortex (rACC,
dACC) implicated, respectively, in effortful and implicit emotional
regulation sub-processes [26]. In BIOS, we previously reported that
OBP showed greater rACC activity and greater amygdala-dACC
functional connectivity (FC) vs. OCP during emotional regulation,
and that increase in amygdala-dACC FC during emotional regulation
over two scans approximately three years apart in all groups was

Received: 30 September 2020 Revised: 4 February 2021 Accepted: 10 March 2021
Published online: 29 March 2021

1University of Pittsburgh School of Medicine, Pittsburgh, PA, USA and 2University of Pittsburgh, Pittsburgh, PA, USA
Correspondence: Jay C. Fournier (fournierjc@upmc.edu)
These authors contributed equally: Jay C. Fournier, Michele Bertocci

www.nature.com/npp

© The Author(s), under exclusive licence to American College of Neuropsychopharmacology 2021

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-01001-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-01001-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-01001-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41386-021-01001-w&domain=pdf
http://orcid.org/0000-0001-8967-1668
http://orcid.org/0000-0001-8967-1668
http://orcid.org/0000-0001-8967-1668
http://orcid.org/0000-0001-8967-1668
http://orcid.org/0000-0001-8967-1668
http://orcid.org/0000-0002-3857-1226
http://orcid.org/0000-0002-3857-1226
http://orcid.org/0000-0002-3857-1226
http://orcid.org/0000-0002-3857-1226
http://orcid.org/0000-0002-3857-1226
http://orcid.org/0000-0003-4816-0997
http://orcid.org/0000-0003-4816-0997
http://orcid.org/0000-0003-4816-0997
http://orcid.org/0000-0003-4816-0997
http://orcid.org/0000-0003-4816-0997
http://orcid.org/0000-0001-9925-5203
http://orcid.org/0000-0001-9925-5203
http://orcid.org/0000-0001-9925-5203
http://orcid.org/0000-0001-9925-5203
http://orcid.org/0000-0001-9925-5203
http://orcid.org/0000-0003-0676-8515
http://orcid.org/0000-0003-0676-8515
http://orcid.org/0000-0003-0676-8515
http://orcid.org/0000-0003-0676-8515
http://orcid.org/0000-0003-0676-8515
http://orcid.org/0000-0003-4958-1291
http://orcid.org/0000-0003-4958-1291
http://orcid.org/0000-0003-4958-1291
http://orcid.org/0000-0003-4958-1291
http://orcid.org/0000-0003-4958-1291
mailto:fournierjc@upmc.edu
www.nature.com/npp


associated with concurrent increases in affective lability [27],
suggesting ineffectual emotion regulation strategies in OBP in
particular. These findings parallel reports in healthy OBP, and
unaffected relatives, of elevated amygdala and altered dlPFC activity
during emotion processing [28–30] and altered amygdala-vlPFC FC
during emotion regulation [31–33]. Results also parallel reports in
youth and adults with BD of altered amygdala activity to emotional
stimuli [34–36], altered activity in prefrontal cortical regions
supporting emotion regulation [26, 37–43], and altered vlPFC-
amygdala FC [44–53]. Thus, abnormalities in emotion regulation
neural circuitry in OBP might confer risk for the development or
worsening of affective disorders, but confirmation is needed in
larger, longitudinal studies.
The above studies examined how activity in key prefrontal cortical-

amygdala emotion regulation circuitry predicts affective symptoms.
Yet, an increasing literature has established consistent patterns of
deactivation in regions which subserve self-monitoring processes
[54, 55] during performance of executive function tasks, including
tasks that are integral to emotion regulation attentional processes
[56], e.g., working memory. Such deactivation is thought to reduce
interference from self-monitoring processes on cognitive task
performance [57–60]. Whereas not all studies indicate the necessity
of deactivation in these regions for this kind of task performance [61],
several studies indicate that, alongside increased activity in regions
associated with executive functioning, deactivation in self-monitoring
regions and inverse FC (anticorrelation) between regions associated
with self-monitoring and regions supporting executive function
during performance of such tasks are normative and critical for task
performance in adults [56, 60] and youth [62, 63]. In parallel, studies in
adults with AD indicate abnormally reduced deactivation in self-
monitoring regions during executive function tasks [41, 64–73]. This
pattern is also present in relatives of BD probands [74]. More
normative deactivation in these regions and more normative
anticorrelations between these regions and those supporting
executive function were associated with better antidepressant
treatment response in adults with MDD [75]. Additional studies
reported abnormal increases in prefrontal cortical activity during
executive function task performance in adults with affective disorders
[41, 64–73], which might represent a compensatory response. The
extent to which deactivation in self-monitoring regions during
executive function tasks is related to future worsening of affective
symptoms in OBP and OCP is, however, unknown.
Our goal was to examine activation and FC in neural regions

supporting executive function, and self-monitoring, in OBP and OCP
during performance of an emotional n-back task and the extent to
which these neural measures predicted future affective symptom
severity. Our specific hypotheses, based on the literature, were:

(1) At baseline (Time-1), less deactivation in self-monitoring
regions, greater activity in regions associated with executive
function during emotion regulation, and greater positive FC
between these two sets of regions during performance on an
emotional n-back task, would predict greater future (Time-2)
depression and hypo/mania severity in OBP and OCP.

(2) Longitudinal (Time-1 to Time-2) decreases in deactivation in
self-monitoring regions, increases in activation in regions
associated with executive function during emotion regulation,
and increases in positive FC between these two sets of regions
during task performance, would be associated with greater
future (Time-2) depression and hypo/mania symptom severity
in OBP and OCP.

PATIENTS AND METHODS
Participants
BIOS participants had two levels of familial risk for AD: Offspring of
a parent with BD, OBP, and offspring of a parent with a non-BD

Axis-1 disorder, OCP. Participants with frank BD at study entry
were excluded. A sample of n= 52 at Time-1 (OBP n= 27, OCP n
= 25), was used to identify neural regions supporting executive
function and self-monitoring. No sibling pairs were included.
Primary analysis of change in affective symptoms was tested with
the subsample of individuals (n= 34) who were scanned and
assessed twice, (~4 years apart; OBP n= 15 and OCP n= 19). The
University of Pittsburgh Human Research Protection Office
approved this study. Parent/guardian consent and child assent
were obtained.

Clinical assessments
Assessments included the Depression Rating Scale [KDRS; 76] and
Mania Rating Scale [KMRS; 77], both derived from the K-SADS-PL
[76, 77], to ascertain depressive or hypo/manic symptom severity
over the prior two months; Mood and Feelings Questionnaire
[MFQ; 78] to assess depressive symptoms; Child Affective Lability
Scale [CALS; 79] to assess affective lability; Screen for Child Anxiety
Related Emotional Disorders [SCARED; 80] to assess anxiety
symptoms. The mean lag between assessment and scan-day for
Time-1= 10.26 weeks, Time-2= 19.65 weeks, prior to the scan).
Medication use at scan was assessed by parent report if the
participant was under 18 years or self-report otherwise. See the
supplement for additional details.

Neuroimaging parameters
Paradigm. The emotional face n-back (EFNBACK) task is a
modified version of the n-back working memory task that has
been used previously [81]. To examine neural circuitry underlying
the ability to direct attention away from emotional faces during a
2-back working memory task, our analysis focused on the 2-back
with face distracters (fearful, happy, neutral) condition (executive
function during emotion regulation; EF+/ER+) in which greater
activation is more likely to occur in prefrontal cortical-striatal
regions versus the 0-back with no face distracters (low executive
function, EF−) condition (see the supplement for additional
details).

Neuroimaging data acquisition and processing. fMRI data for
Time-1 were collected on a 3T Siemens Trio and for Time-2 on a
Siemens Prisma scanner (see the supplement for details).

Activation/Deactivation. Models were constructed to examine
EF+/ER+ > EF− and EF− > EF+/ER+ contrasts at Time-1 using a
single anatomical mask previously used with this task [27, 82],
created from the WFU PickAtlas [Wake Forest University, Winston-
Salem; 83]. The mask included regions associated with executive
function during emotional regulation, i.e., bilateral amygdala,
caudate and putamen, dlPFC; Brodmann Areas (BA) 9 and 46,
ventrolateral prefrontal cortex [vlPFC; BA 47; 26], and regions
implicated in self-monitoring, i.e., anterior and mid-cingulate
cortex (ACC; BA 24 and 32). A key advance of the current analyses
over previous reports was the examination of neural activation
and FC during both contrasts within this mask (cluster forming
threshold= p < 0.001, uncorrected; extent threshold p < 0.05, FWE
small-volume corrected). Time-1 and Time-2 data were extracted
from the identified clusters and used to test our hypotheses.
Whole brain analyses at Time-1 were performed in the larger
group (n= 52) to determine the extent of activation during both
contrasts.

Functional connectivity (FC). Generalized psychophysiological
interaction [gPPI; 84] examined FC between regions identified
above. To constrain the number of inferential tests, we used a
combined seed from clusters deactivated less to the EF−
compared to the EF+/ER+ conditions, with targets defined by
the individual clusters activated more during the EF+/ER+ than
the EF− conditions.
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Change in neuroimaging measures. To calculate change in
neuroimaging measures from Time-1 to Time-2, given that data
from each timepoint were collected on different scanners,
extracted BOLD signal and gPPI parameter estimates at each
timepoint were normalized separately for each scanner against
values from samples of healthy individuals scanned during the
same task in the respective scanners (Trio: n= 12; Prisma: n= 8,
see Table S1b for characteristics of the healthy sample. No
differences between scanners were observed in the identified
regions, Table S11).

Statistical analyses
An a priori procedure was used to identify other potential clinical
and demographic covariates. Each potential covariate (age,
gender, IQ, MFQ, CALS, SCARED) was added separately to a
model containing Time-1 symptoms, group membership, and
time-interval between scans. Any variable associated with Time-2
KDRS or KMRS scores at p < 0.10 was retained.
Primary analyses focused on the prediction of KDRS and KMRS

scores at Time-2, controlling for Time-1 symptoms, group
membership, the time-interval between scans, and additional
covariates identified above. For each symptom type (KMRS and
KDRS), four negative binomial regression models were examined
containing the following independent variables: (A) mean activa-
tion in each significant cluster in the anatomic mask at Time-1; (B)
change in mean activation in each of these clusters from Time-1 to
Time-2; (C) FC at Time-1 from all EF− > EF+/ER+ clusters to each
EF+/ER+ > EF− cluster; and (D) change in FC from Time-1 to
Time-2 from the former clusters to each of the latter clusters.
Group membership was controlled in all models to ensure that
identified neural markers would have incremental predictive
validity over and above known, family-history based predictors.
Project data are available upon request and were submitted to the
National Data Archive (Collection ID:2336).
We used a positive False Discovery Rate (pFDR) correction for

multiple comparisons to calculate FDR corrected q values (see the
supplement) [85, 86].

RESULTS
Demographic and clinical data for the primary sample (n= 34) are
presented in Table 1 (Table S1a for the larger n= 52 sample). OBP
and OCP only differed on Time-1 hypo/mania severity. Although
mean symptoms were low, OBP had greater hypo/mania severity
than OCP (χ2(1)= 6.01, p= 0.01). A small proportion (<16%) of
children were receiving psychiatric medication at either scan visit,
and task accuracy was high (>90%).

Task Effects
We observed three clusters with significantly greater activation to
EF+/ER+ > EF− (executive function during emotion regulation
regions): Left dlPFC (BA 9,46; k= 289, FWE p < 0.001, peak: t=
7.11, −42,5,31); Right dlPFC (BA 9, 46; k= 111, FWE p= 0.01, peak:
t= 4.01, 42,35,19); and right caudate (k= 75, FWE p= 0.03, peak:
t= 4.33, 12,11,−2). Furthermore, we observed three clusters
associated with less deactivation to EF− than to EF+/ER+. A
large region in medial prefrontal cortex extending posteriorly to
the pregenual anterior cingulate cortex (BA 24, 32) and dorsally to
medial BA 9 (k= 639, FWE p < 0.001, peak: t= 7.38, −9,50,−2);
mid-cingulate cortex (BA 24, k= 204, FWE p= .001, peak: t= 6.27,
9,−19,43); and right putamen tail (k= 87, FWE p= 0.02, peak: t=
5.01, 36,−13,−2 (Fig. 1). The whole brain map of task effects
revealed that the clusters above were generally part of larger
clusters (Table S2).

Covariate selection
No additional covariates were identified at p < 0.10 for the
prediction of Time-2 KDRS or KMRS scores (Tables S3a and S3b).

All models below control for relevant Time-1 symptoms (KDRS
or KMRS), OBP/OCP group membership, and the time lag
between scans.

Depressive symptoms
Hypothesis 1. In the model examining whether baseline activa-
tion in the six clusters identified above predicted Time-2 KDRS
scores, we observed a significant effect1 for deactivation in the
mid-cingulate, such that less deactivation in this region to EF+/ER
+ relative to EF− was associated with higher KDRS scores at Time-
2 (Table 2; Fig. 2 displays the relationship in a reduced model in
which the regions not showing a significant effect were removed,
rate ratio (RR)= 3.07, 95% CI:1.09–8.66 χ2(1)= 4.48, p= 0.03).
Follow-up analyses revealed that both components of the contrast
contributed to this effect. Less deactivation in this region during
EF+/ER+ condition (RR= 2.31, 95%CI:1.09–4.94, χ2(1)= 4.85, p=
0.03) and greater deactivation to EF− condition (RR= 0.34, 95%

Table 1. Demographics, clinical characteristics, and task performance.

OCP (N= 19) OBP (N= 15)

Variable M (SD)/% M (SD)/% t/χ2 p

Age 13.62 (2.15) 14.15 (2.35) 0.68 (32) 0.50

Female 57.89% 40.00% 1.07 (1) 0.30

Time between
scans (Yrs)

4.28 (0.99) 3.99 (1.42) 0.72 (32) 0.48

Medication

Time-1 15.79% 13.33% 0.04 (1) 0.84

Time-2 10.53% 13.33% 0.06 (1) 0.80

Diagnosis

Affective disordera 15.79% 13.33% 0.04 (1) 0.84

Anxiety disorder 26.32% 6.67% 2.23 (1) 0.14

ADHD 21.05% 13.33% 0.34 (1) 0.56

MFQ Time-1 10.95 (12.24) 7.47 (11.12) 0.86 (32) 0.40

CALS Time-1 10.05 (11.82) 7.87 (14.36) 0.49 (32) 0.63

SCARED Time-1b 12.17 (14.93) 10.00 (8.32) 0.50 (31) 0.62

KDRSc

Time-1 2.79 (4.33) 2.47 (6.29) 0.04 (1) 0.85

Time-2 4.32 (6.35) 4.27 (9.51) <0.01 (1) 0.99

KMRSc

Time-1 0.32 (0.67) 1.73 (2.63) 6.01 (1) 0.01

Time-2 1.00 (1.97) 2.13 (5.03) 0.88 (1) 0.35

Performance Time-1d

Accuracy 92.36% (7.27) 92.82% (6.35) 0.24 (32) 0.81

RT 529.52 (164.43) 575.86 (179.38) 0.29 (32) 0.78

Performance Time-2d

Accuracy 95.72% (5.29) 96.53% (5.13) 0.39 (32) 0.70

RT 515.22 (109.39) 468.55 (79.97) 1.38 (32) 0.18

OCP Offspring of psychiatric control parents diagnosed with a non-BD
spectrum disorder, OBP Offspring of a parent with a bipolar spectrum
disorder, MFQ Mood and Feelings Questionnaire, CALS Child Affective
Lability Scale, SCARED Screen for Child Anxiety Related Emotional
Disorders, KDRS KSADS Depression Rating Scale, KMRS KSADS Mania
Rating Scale.
aIn the OCP group one participant each was diagnosed with MDD,
depressive disorder not otherwise specified, and adjustment disorder. In
OBP one participant each was diagnosed with MDD and adjustment
disorder.
bOne participant was missing data on the SCARED at Time-1.
cNegative binomial regression models were used to examine group
differences.
dAccuracy data were arcsin transformed prior to modeling.
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CI= 0.13–0.91, χ2(1)= 4.88, p= 0.03) were independently asso-
ciated with greater Time-2 KDRS scores.
We observed no significant relationships for Time-1 gPPI

measures (all χ2(1) < 2.80; Table S4).

Hypothesis 2. In the model examining changes between Time-1
and -2 in FC among the clusters, we observed a significant effect1

of changing FC between the combined EF− > EF+/ER+ cluster
mask and the right caudate (an EF+/ER+ > EF− region) in
predicting Time-2 KDRS scores (Table 3; Fig. 2 displays the
relationship in a reduced model in which the regions not showing
a significant effect have been removed, RR= 1.48, 95%
CI:1.15–1.91, χ2(1)= 8.32, p= 0.004). Here, increases in FC to

EF+/ER+ vs. EF− conditions between Time-1 and Time-2 were
associated with greater KDRS scores at Time-2. Follow-up analyses
revealed that the overall effect was largely driven by reductions
between Time-1 and Time-2 in FC to the EF− condition (RR= 0.69
95% CI 0.53–0.90, χ2(1)= 7.08, p= 0.008).
We observed no significant relationships for Time-1-Time-2

change in BOLD response (all χ2(1) < 1.01); Table S5).

Sensitivity analyses. Controlling for diagnoses, both effects
reported above remained significant (mid-cingulate: RR= 2.30,
95% CI: 1.18–4.48, χ2(1)= 5.98, p= 0.01; FC change: RR= 1.57,
95% CI: 1.21–2.04, χ2(1) = 9.92, p= 0.002); likewise when
psychiatric medications were controlled (mid-cingulate: RR=
2.07, 95% CI: 1.20–3.57, χ2(1)= 6.70, p= 0.01; FC change: RR=
1.46, 95% CI: 1.13–1.88, χ2(1)= 7.44, p= 0.006).

Moderation by group. Group moderated the effect of mid-
cingulate deactivation on KDRS scores (χ2(1)= 4.72, p= 0.03),
such that the effect was stronger for OCP (RR= 4.79, 95% CI:
1.63–13.64) than for OBP (RR= 1.28, 95% CI: 0.69–2.37; Fig. S1).
Group did not moderate the effect of FC change (χ2(1)= 0.06,
p= 0.81).

Secondary analyses. OBP showed a trend for less Time-1 mid-
cingulate cortical deactivation to EF+/ER+ versus EF− conditions
than OCP (t(32)= 1.83, p= 0.08), but there was no group
difference in Time-1-Time-2 FC change (t(32)= 0.15, p= 0.88).

Combining effects. When both Time-1 BOLD response in the mid-
cingulate and change in FC from EF− regions to the right caudate
were added to the same model, change in FC remained significant
(RR= 1.41, 95% CI: 1.11–1.79, χ2(1)= 7.58, p= 0.006). BOLD
response in the mid-cingulate cortex at Time-1 did not cross the
conventional threshold for statistical significance (RR:2.36, 95% CI:
0.997–5.59, χ2(1)= 3.73, p= 0.054), although the direction of the
relationship remained unchanged (Table S6).

Hypo/manic symptoms
Hypothesis 1. There were no Time-1 BOLD response or Time-1 FC
predictors of KMRS scores at Time-2 (Tables S7 and 8).

Hypothesis 2. Change in deactivation from Time-1 to Time-2 in
one EF− > EF+/ER+ region (right putamen tail) initially appeared

Fig. 1 Task Effects. Panel A displays regions with significant BOLD signal (cluster forming: p < 0.001 uncorrected, cluster extent: p < 0.05 FWE
small-volume corrected to the anatomical mask) to EF+/ER+ vs EF− (2-back emotional-face minus 0-back no-face, in red) and EF− vs EF+/ER+
(0-back no-face minus 2-back emotional-face, in blue) contrasts. Analyses were conducted in an anatomical mask that contained: bilateral
amygdala, caudate and putamen, dorsolateral prefrontal cortical regions (Brodmann Areas (BA) 9 and 46), anterior and mid cingulate cortex (BA
24 and 32), and ventrolateral prefrontal cortex (BA 47). Panel B displays extracted BOLD signal from each element of the contrasts. Blue bars
represent signal to the EF− vs EF+/ER+ contrast and red bars represent signal to the EF+/ER+ vs EF− contrast. Darker bars represent the 2-
back emotional face (EF+/ER+) condition and lighter bars represents the 0-back no face (EF−) condition. Region A=medial prefrontal cortex;
B=mid-cingulate; C= right putamen tail; D= left dorsolateral prefrontal cortex; E= right caudate; F= right dorsolateral prefrontal cortex.

Table 2. Predicting Time-2 KDRS from BOLD response at Time-1.

Variable Estimate SE χ2 p q

Baseline KDRS 0.13 0.05 9.06 0.003 .

Group −0.84 0.58 1.93 0.17 .

Time between scans (Yrs) −0.05 0.23 0.04 0.84 .

BOLD mPFC (EF−) −0.23 0.52 0.19 0.66 0.66

BOLD mid-Cingulate (EF−) 2.23 0.79 7.39 0.007 0.04

BOLD r putamen tail (EF−) −0.26 0.70 0.14 0.71 0.71

BOLD l dlPFC (EF+/ER+) −1.39 1.06 1.61 0.20 0.45

BOLD r Caudate (EF+/ER+) −0.52 0.63 0.69 0.41 0.48

BOLD r dlPFC (EF+/ER+) 0.61 0.67 0.82 0.37 0.48

KDRS KSADS Depression Rating Scale, EF+/ER+ The 2-back-face distracters
> 0-back no-face distracters contrast, EF− The 0-back no-face distracters >
2-back emotional-face distracters contrast, l left, r right, mPFC medial
prefrontal cortex, dlPFC dorsolateral prefrontal cortex.

1Two individuals had higher KDRS scores than the rest of the cohort.
When removed from the larger models, the associations remained
significant: BOLD response in the mid-cingulate continued to predict
Time-2 KDRS (RR= 9.15, χ2 (1)= 6.34, p= 0.01), as did change in
connectivity between the task-negative seeds and the right caudate
between Time-1 and Time-2 (RR= 1.51, χ2 (1)= 6.47, p= 0.01).
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to predict Time-2 KMRS scores (Table S9), however this effect was
not robust when regions not showing a significant effect were
removed from the model (RR:1.68, 95% CI:0.85–3.32, χ2(1)= 2.48,
p= 0.12. Likewise, when controlling for diagnoses or medication,
the effect was not significant (RR= 1.81 95% CI 0.68–4.84; χ2(1)=
1.60, p= .21, and RR= 2.35 95% CI 0.86–6.42; χ2(1)= 3.26,
p= 0.07, respectively).
There were no FC change predictors of Time-2 KMRS scores

(Table S10).

DISCUSSION
We aimed to determine for the first time the extent to which
future affective symptom severity in OBP and OCP was predicted
by activation and deactivation within and FC between neural
regions supporting executive function during emotion regulation
(EF+/ER+ regions) and neural regions subserving self-monitoring
during a lower executive load task condition (EF− regions) at
baseline, and by changes in these neural measures over follow-up.
The most robust finding was that increases in FC between EF−
and an EF+/ER+ region during emotional regulation over follow-
up predicted greater future depression severity. We previously
reported that changes in FC in EF+/ER+ regions were associated
with concurrent changes in affective lability in a smaller group of
BIOS youth [27]. The present study is the first, however, to
examine activation, deactivation and FC within and between EF−
and EF+/ER+ regions during emotional regulation, and the first to
determine the extent to which these neural measures predict
future affective symptom severity.
Our findings specifically show that relative increases in FC from

Time-1 to Time-2 between EF− and an EF+/ER+ region to the
executive function during emotion regulation condition predicted
greater Time-2 depression severity in OBP and OCP, which
resulted primarily from decreased FC during the EF− condition
over follow-up. Previous studies highlight the importance of
activation within and inverse FC between EF− and EF+/ER+
regions during attentionally demanding executive function tasks
[56–58]. Findings suggest that a greater influence of EF− regions

Fig. 2 Prediction of Time-2 KDRS from neural markers. Panels A and B display the prediction of KDRS scores at Time-2 from BOLD response
in the mid-cingulate at Time-1 (Panel A=model estimates; Panel B= raw scores). Panel C and D display the prediction of Time-2 KDRS scores
from change in generalized psychophysiological interaction (gPPI) measured functional connectivity between the three EF− regions and the
right caudate (Panel C=model estimates; Panel D= raw scores). Bands represent 95% confidence intervals.

Table 3. Predicting Time-2 KDRS from change in functional
connectivity between Time-1 and Time-2.

Variable Estimate SE χ2 p q

Baseline KDRS 0.07 0.04 3.54 0.06 .

Group −0.29 0.50 0.33 0.56 .

Time between scans (Yrs) 0.33 0.19 2.90 0.09 .

Δ gPPI EF− seed to l dlPFC −0.36 0.38 0.88 0.35 0.35

Δ gPPI EF− seed to r Caudate 0.45 0.15 8.42 0.004 0.01

Δ gPPI EF− seed to r dlPFC 0.13 0.24 0.31 0.58 0.58

KDRS KSADS Depression Rating Scale, gPPI generalized psychophysiologi-
cal interaction, EF− The 0-back no-face distracters > 2-back emotional-face
distracters contrast, l left, r right, dlPFC dorsolateral prefrontal cortex.
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on EF+/ER+ regions during executive function tasks interferes
with cognitive function. Our findings are the first to show,
however, that relative increases in FC between EF− and EF+/ER+
regions over time, likely reflecting greater influence of EF−
regions during emotion regulation, predicts worsening future
depression severity in youth across a range of familial risk for AD.
This pattern of increased FC between regions was specific to the

caudate. The caudate is a key striatal component of the task
positive, fronto-striatal network implicated in stimulus-response
learning [87, 88]. Furthermore, lower FC between the caudate and
prefrontal cortex following traumatic brain injury is associated
with executive dysfunction [89, 90]. Our findings suggest that
relative increases in FC over follow-up specifically between EF−
regions and the caudate during emotional regulation may be a
potential neural mechanism predisposing to cognitive dysfunction
and, in turn, higher levels of future depression in OBP and OCP.
Less normative deactivation [57] in one of the EF− regions, the

mid-cingulate cortex, at Time-1 also predicted future (Time-2)
depression severity. This effect resulted from less deactivation in
this cluster to the EF+/ER+ condition and greater deactivation to
the EF− condition. The effect just missed significance when
accounting for the above FC predictive relationship. The mid-
cingulate finding parallels previous reports of lower levels of EF−
region deactivation during executive task performance in
individuals with MDD and BD [41, 64–73, 75]. The mid-cingulate
cortex is implicated in the prediction and monitoring of the
outcomes of one’s own and others’ decisions [91], as well as the
integration of pain and negative affect [92, 93]. Lower mid-
cingulate deactivation at baseline during the EF+/ER+ condition
might reflect greater baseline outcome monitoring and negative
affect. This process may compromise the ability to redirect
attention away from the emotional faces and toward more recent,
relevant task stimuli. Additionally, decreases in deactivation from
Time-1 to Time-2 in the putamen tail were initially identified as
predicting greater hypo/mania severity at Time-2, but this effect
was not robust to changes in the model’s covariates. We advise
caution in interpreting this effect, and suggest that it could be
used to guide hypotheses for future work.
The most robust predictive relationship was shown for increases

in FC between EF− and EF+/ER+ regions over the four-year scan
interval. It is notable that no EF+/ER+ region activity at Time-1, nor
activity in the amygdala, predicted Time-2 symptoms. Together,
this indicates a potentially greater role for increases in FC over time
between EF− and EF+/ER+ regions than baseline measures of
activation and FC for future symptom severity. These findings
further highlight increasing influence of EF− over EF+/ER+
regions over time as a potential mechanism predisposing to
higher levels of future depression in OBP and OCP.
The relationships between neural measures and future affective

symptoms were similar in OBP and OCP, indicating that these
relationships might reflect neural mechanisms of risk for worsening
of affective symptoms in youth across a range of familial risk. The
mid-cingulate cortical deactivation relationship with future depres-
sion severity was stronger in OCP than OBP, potentially reflecting
the trend-level lower deactivation in this region at Time-1 in OBP
than OCP and should be examined further in future studies.

Limitations
Some participants had psychiatric diagnoses at study entry or were
medicated, however sensitivity analyses revealed no impact of these
predictors on future depression severity for the majority of findings.
There was a greater range of Time-2 depression than hypo/mania
severity, which might have impacted these findings. All included
participants showed high accuracy, curtailing our ability to examine
relationships with task-performance. Future work could evaluate
cognitive functioning during emotion regulation assessed outside of
the scanner. Such measures could serve as additional markers of AD

risk and could further illuminate relationships among neural
function, emotion regulation deficits, and future symptoms. We
used the EF− condition in our task as a proxy for processes in which
we expect greater activation in self-monitoring regions, given that it
was the task condition requiring the least cognitive and emotion
regulatory effort. Future work could examine more specifically the
processes that take place in these regions during low and high effort
conditions. While the average lag between the assessment of Time-2
affective symptoms and scan was notable (~20 weeks), the central
predictors of Time-2 affective symptoms included neural measures
at Time-1 and change in neural measures between Time-1 to Time-
2, which encompassed an approximately four-year period preceding
the second symptom assessment. Thus, while it is possible that
some neural changes from Time-1 to Time-2 might have occurred
after the second symptom assessment, Time-1 neural measures and
the majority of the Time-1 to Time-2 neural measure changes had
already occurred in the time period prior to the second symptom
assessment. The scanner changed between Time-1 and Time-2.
Although we cannot rule out the possibility that this change
affected the reported results, we believe it unlikely that it
contributed to the patterns of significant associations we identified.
Data from offspring of healthy parents were used to normalize
neuroimaging measures for each scanner. Secondary analyses did
not reveal significant differences among these offspring as a
function of scanner in any of the regions we examined. Furthermore,
it is not clear how the change in scanner, which affected all
participants, could account for the patterns we observed which
reflected individual differences in brain function and symptoms.
Future work can identify predictors of diagnostic conversion and
compare neurodevelopmental trajectories with lower AD risk
offspring. Finally, sample size was small, reflecting the challenges
in recruiting and following familial risk samples. While future studies
can examine the above predictive relationships in larger sample
sizes, participants in the present study were recruited across a range
of future AD risk and had a long interscan interval.

Conclusions
We show that patterns of activation and deactivation during a task
requiring both executive function and emotion regulation, and that
changes over time in the functional connectivity between
deactivated and activated neural regions during this task, predict
future depression severity in youth across a range of familial risk for
AD. As objective measures, these neural markers can provide
objective, “early-warning” signs that might predate the increases in
affective symptoms associated with the risk for the development or
worsening of AD in at-risk youth. Additionally, they could be used to
monitor the effect of treatments in future trials, and to evaluate
whether interventions designed to address emotion regulation
dysfunction can affect the functioning of these systems. If not, novel
interventions may be needed to reduce the detrimental influence of
neural networks supporting self-monitoring and negative affect
upon neural networks supporting cognitive functions that are critical
for everyday activities and, ultimately, mental health.
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