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Baseline and follow-up activity and functional
connectivity in reward neural circuitries in
offspring at risk for bipolar disorder
Heather E. Acuff1,2, Amelia Versace 3, Michele A. Bertocci3, Cecile D. Ladouceur3, Lindsay C. Hanford3, Anna Manelis3, Kelly Monk3,
Lisa Bonar3, Alicia McCaffrey3, Benjamin I. Goldstein4, Tina R. Goldstein3, Dara Sakolsky 3, David Axelson5, Boris Birmaher3 and
Mary L. Phillips3

Bipolar disorder (BD) is a serious psychiatric illness with demonstrated abnormalities in reward processing circuitry. Examining this
circuitry in youth at familial risk for BD may provide further insight into the underlying mechanisms of BD development. In this
study, we compared offspring of bipolar parents (OBP, n= 32), offspring of comparison parents with non-BD psychopathology
(OCP, n= 36), and offspring of healthy parents (OHP, n= 39) during a functional magnetic resonance imaging reward processing
task. Elastic net regression analyses identified 26 activity, functional connectivity (FC), and demographic variables that explained
34.24% of the variance in group (λ= 0.224). ANOVA and post-hoc analyses revealed that OBP had significantly lower right ventral
striatum–left caudal anterior cingulate FC to loss (OBP versus OCP: p= 0.028, OBP versus OHP: p= 0.015) and greater right pars
orbitalis-left (OBP versus OCP: p= 0.003, OBP versus OHP: p= 0.036) and -right (OBP versus OCP: p= 0.001, OBP versus OHP: p=
0.038) orbitofrontal cortex FC to reward versus OCP and OHP, respectively. These findings were not affected by non-BD
psychopathology, psychotropic medication use, or symptomatology. There were no changes in, or relationships between,
neuroimaging or symptom measures at follow-up (mean(SD)= 2.70(1.22) year inter-scan interval) in a subset of youth with follow-
up data (OBP, n= 14; OCP, n= 8; OHP, n= 19). These findings suggest that lower right ventral striatum–left caudal anterior
cingulate FC to loss and greater right pars orbitalis–orbitofrontal cortex FC to reward may be trait-level neural markers that may
reflect risk for BD in at-risk youth. These findings comprise important steps toward identifying neural markers of BD risk, which may
enhance early identification and guide interventions for youth at familial risk for BD.
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INTRODUCTION
Bipolar disorder (BD) is a serious psychiatric illness with a mean
prevalence of approximately 2% in children and adolescents [1].
Its high heritability (59–87%) places offspring of bipolar parents
(OBP) at high risk for developing BD, themselves [2]. One neural
circuitry important to BD is reward processing. This has strong
associations with impulsive sensation seeking, a personality trait
that comprises impulsivity (i.e., prematurely elicited behavior with
little/no forethought, reflection, or consideration of the conse-
quences) and sensation seeking (i.e., the inclination/desire to seek/
take risks for new/intense sensations and experiences) [3].
Impulsive sensation seeking is associated with the development
of BD [4]. Studies have reported positive associations between
impulsive sensation seeking and greater probabilities of adoles-
cents and young adults developing BD [5, 6], as well as mania
severity in young adults at risk for BD [7]. Such findings implicate
high levels of this trait as potential risk factors for BD [3].
Identifying abnormalities in reward circuitry that are associated
with impulsive sensation seeking in youth at risk for BD may
elucidate biological markers of specific risk for BD.

While comparing OBP to offspring of healthy parents (OHP) can
identify early phenotypes associated with BD risk, these studies
have limited abilities to distinguish risk for BD, specifically, from
risk for general psychiatric illness, as OBP are also at risk for non-
BD psychopathology [8]. Comparing OBP to offspring of
comparison parents (OCP) with non-BD psychopathology can
distinguish specific BD risk, as OBP is at an approximate seven-fold
increased risk for developing BD versus OCP [9]. OCP thus control
for risk for non-BD psychiatric disorders and for environmental
effects of living with a parent with psychiatric illness. Comparing
OBP to both OHP and OCP can provide further insight into
underlying mechanisms of BD development and may lead to
enhanced early identification and preventative treatment for
youth likely to develop future BD.
Key regions in reward processing circuitry include the

ventrolateral prefrontal cortex (vlPFC), important for encoding
values of choices and decision-making options [10]; orbitofron-
tal cortex (OFC), important for encoding reward values and
comparing values of different options [11]; ventral striatum (VS),
important for anticipation and prediction error [12]; anterior
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cingulate cortex (ACC), important for cost-benefit decision-
making and associating actions with rewards [13]; and
amygdala, important for stimulus-value associations [14]. The
vlPFC can be further separated into the lateral orbitofrontal
cortex [15] and pars orbitalis (Brodmann’s Area (BA) 47), pars
opercularis (BA44), and pars triangularis (BA45) [16], and the
ACC can be separated into rostral (cACC) and caudal (cACC)
regions. The rACC is generally involved in assessing salience of
emotional and motivational information and regulating emo-
tional responses, while the cACC is more involved in evaluative
and cognitive tasks [17].
Studies have shown abnormalities in reward circuitry in youth

and adults with, and at risk for, BD versus healthy controls.
Findings in adults with BD include greater right OFC and left vlPFC
activity during reward anticipation [18–20]; greater left OFC and
amygdala activity during reward reversal [21]; greater [18, 22, 23]
and lower [24, 25] VS activity during reward anticipation and
receipt; lower ACC activity during reward anticipation [20]; and
lower vlPFC–VS functional connectivity (FC) during reward receipt
[25]. Findings in youth at risk for BD include greater left lateral OFC
activity during reward receipt, lower vlPFC–ACC FC during reward
anticipation, and greater vlPFC–ACC FC during loss anticipation
[26]. In one study comparing reward circuitry activation in OBP,
OCP, and OHP [27], OBP had more inverse bilateral VS–right vlPFC
FC versus OCP and OHP during reward and loss receipt [27]. These
findings remained after removing youth with non-BD psychiatric
disorders and taking psychotropic medications, likely reflecting
trait-level neural markers for BD [27].
Our primary goal in this study was to expand upon previous

findings by further investigating the differences between OBP,
OCP, and OHP in reward processing circuitry. Our secondary goal
was to examine follow-up data in order to help elucidate whether
these findings more likely reflected trait- or state-level markers of
risk for BD. To achieve these goals, we wished to identify OBP-
specific abnormalities in reward processing neural circuitry that
were independent of non-BD psychopathology and medications.
Elucidating such abnormalities would help identify candidate
neural markers of risk for BD versus risk for other psychiatric
disorders. As described above, previous findings indicate pre-
dominantly greater prefrontal cortical activity, lower ACC activity,
abnormal VS activity, and lower FC between prefrontal cortical
regions or between the vlPFC and VS in individuals with, and at
risk for, BD relative to OHP and/or OCP, present largely to reward
and loss receipt. Previous findings also indicate the consistency of
these neural findings when removing youth with psychiatric
disorders and medications. We thus hypothesized: (1) OBP would
show greater prefrontal cortical activity, lower ACC activity, either
greater or lower VS activity, lower prefrontal cortical FC, and lower
vlPFC–VS FC to reward and loss receipt versus OCP and OHP; and
(2) these findings would be unaffected by non-BD psychopathol-
ogy and medications. In exploratory analyses, we examined
relationships among neuroimaging measures and symptomatol-
ogy, at baseline and follow-up.

MATERIALS AND METHODS
Participants
Thirty-two OBP (mean(SD) age= 13.95(2.43), 16 females), 36 OCP
(mean(SD) age= 14.09(2.32), 14 females), and 39 OHP (mean(SD)
age= 13.90(1.81), 18 females) were recruited from the Bipolar
Offspring Study [28] and Longitudinal Assessment of Manic
Symptoms Study, a parallel study examining neural circuitry
functioning in youth with behavioral and emotional dysregulation
(Table 1) [29, 30]. Participants were matched for age, sex, IQ,
handedness, and highest parental education. Twenty-seven OBP,
25 OCP, and 23 OHP were also included in Manelis et al. [27].
Thirteen OBP and 15 OCP had non-BD diagnoses. Six OBP and

eight OCP were taking antidepressant, antipsychotic, mood
stabilizer, stimulant, and/or non-stimulant medications.
OBP had at least one parent with BD; OCP had at least one

parent with a non-BD disorder: MDD, ADHD, and/or an anxiety
disorder. Exclusion criteria included history of serious medical
illness, head injury, or neurological disorder; IQ < 70, assessed with
Wechsler Abbreviate Scale of Intelligence [31]; BD, autism, or
schizophrenia; MRI contraindication (e.g., pregnancy, metal in the
body); substance abuse on the day of the scan or substance abuse
disorder in the last 3 months. For OHP, additional exclusion criteria
included history of DSM-5 disorder. Before participation, parents
and guardians provided written informed consent, and youth
provided written informed assent. Participants received monetary
compensation.
Psychiatric diagnoses for OBP and OCP were confirmed by a

licensed psychiatrist or psychologist before scanning using the
Kiddie Schedule for Affective Disorders and Schizophrenia for
School-Age Children (K-SADS)-Present and Lifetime Version [32]
for offspring and the Structural Clinical Interview for DSM-IV [33]
for parents. Symptom assessments included the Screen for Child
Anxiety Related Disorders (SCARED) [34, 35], Children’s Affective
Lability Scale (CALS) [36], Mood and Feelings Questionnaire (MFQ)
[37], and K-SADS Depression (KDRS) [32] and Mania (KMRS) [38]
Rating Scales to assess four important dimensional predictors of
new-onset BD in at-risk youth [39]. Separate parent-reported (-P)
and child-reported (-C) SCARED, CALS, and MFQ assessments were
administered on the scan day; summary KDRS and KMRS
interviews, based on both parent and child information, were
administered, on average, 2 months after the scan.

Neuroimaging data acquisition and analyses
Refer to Supplementary Material for task and preprocessing.
Participants completed a well-validated card guessing task with
reward and loss receipt components (Supplementary Figure 1) [40,
41]. All scan 1 images, and all scan 2 images for OHP, were
acquired using a Siemens Magnetom TrimTrio 3T MRI system. All
scan 2 images for OBP and OCP were acquired using a Siemens
Magnetom Prisma system. Images were preprocessed using
Statistical Parametric Mapping (SPM8), including realignment
and unwarping steps. First-level fixed effect models were created
for activity and FC with trials modeled as epochs with design
matrix regressors [42], including 6 directions of motion artifact
regressors [43]. Excessive movement (translation > 4mm) were
excluded, followed by despiking for remaining participants (http://
afni.nimh.nih.gov/pub/dist/doc/program_help/3dDespike.html).
Skull-stripped structural images and associated parcellation and
segmentation volumes were resampled into 2 × 2 × 2mm3 fMRI
voxel dimensions before co-registering functional volumes into
structural space.
Eighteen regions of interest (ROIs), left and right for each, were

anatomically defined using FreeSurfer Center for Morphometric
Analysis standard labels: amygdala, caudal (cACC) and rostral
(rACC) ACC, OFC (medial orbitofrontal cortex), vlPFC (pars
opercularis, pars orbitalis, pars triangularis, and lateral orbitofron-
tal cortex, separately), and VS (accumbens areas). Task stimulus
contrasts included reward versus control and loss versus control,
separately. Individual-level averaged BOLD waveforms to the
onset of each stimulus type were extracted in native space from
anatomic ROIs to main stimulus contrasts per task. Generalized
psychophysiological interaction analyses assessed task-related
connectivity between each seed region and all other aforemen-
tioned ROIs. Seed regions included bilateral VS, pars opercularis,
pars orbitalis, pars triangularis, and lateral orbitofrontal cortex,
separately, due to high associations between VS and vlPFC activity
and impulsive sensation seeking [3, 22]. Target regions for each
seed included all other aforementioned ROIs, separately for left
and right regions.
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Statistical analyses
A single elastic net regression analysis with k= 10-fold cross-
validation was used for data selection and reduction [44]. This
method was chosen, in part, because it has been shown to be
particularly useful when the number of predictor variables is larger
than the number of subjects [45]. This model contained two
outcome variables: BD risk (OBP versus OCP/OHP) and general
psychiatric disorders risk (OBP/OCP versus OHP). This model also
contained 118 predictor variables: demographics (age, sex, IQ, SES

(assessed with Hollingshead Four Factor Index of Social Status
[46]), handedness, highest parental education), and all possible
combinations of activity and FC in all ROIs for all contrasts
(Supplementary Table 3). Post-hoc pseudo r-squared analyses
examined the proportion of variance in dependent variables
explained by the non-zero predictor variables. Post-hoc ANOVAs
and Tukey HSD-corrected tests examined: between-group differ-
ences in neuroimaging measures for all non-zero predictors and
effects of youth with versus without non-BD disorders. ANOVAs

Table 1. Comparison of OBP, OCP, and OHP

OBP N= 32
M(SD) or Total

OCP N= 36
M(SD) or Total

OHP N= 39
M(SD) or Total

Statistic p

Demographic information

Age 13.95 (2.43) 14.09 (2.32) 13.90 (1.81) F= 0.071 0.932

Sex (females) 16 14 18 χ2= 0.887 0.642

IQ 100.00 (15.83) 102.08 (14.91) 104.15 (13.58) F= 0.701 0.498

Socioeconomic status χ2= 21.059 0.007*

Very low (8–19) 9 8 4

Low (20–29) 8 1 1

Medium (30–39) 6 6 9

High (40–54) 6 10 12

Very high (55–66) 3 11 13

Handedness χ2= 5.019 0.285

Right 27 33 35

Left 2 2 4

Mixed 3 1 0

Highest parental education χ2= 8.572 0.380

Partial high school 0 1 1

High school graduate or lower 5 3 6

Partial college or specialized training 13 11 11

Standard college or university graduate 8 14 7

Graduate professional training 6 7 14

Clinical measures

Diagnosis 13 15 0 F= 13.275 <0.001*

Major depressive disorder 4 3 0 F= 2.430 0.093

Anxiety disorder 4 7 0 F= 4.155 0.018*

Attention deficit/hyperactivity disorder 8 6 0 F= 5.523 0.005*

Oppositional defiant or conduct disorder 1 3 0 F= 1.842 0.164

Obsessive compulsive disorder 0 2 0 F= 2.030 0.137

Eating disorder 2 0 0 F= 2.430 0.093

Psychotropic medication use 6 8 0 F= 5.019 0.008*

Scan day assessments

SCARED-P 10.19 (6.64) 9.87 (10.65) 3.77 (4.00) F= 8.542 <0.001*

SCARED-C 13.03 (14.70) 8.86 (11.90) 8.35 (9.88) F= 1.515 0.225

CALS-P 9.94 (10.83) 5.14 (7.02) 1.85 (2.51) F= 10.707 <0.001*

CALS-C 10.03 (12.29) 7.17 (9.86) 4.69 (10.51) F= 2.122 0.125

MFQ-P 7.12 (9.64) 4.57 (8.11) 1.36 (2.60) F= 5.690 0.005*

MFQ-C 7.81 (10.49) 7.56 (10.00) 4.51 (8.75) F= 1.320 0.272

Assessment closest to scan

KDRS 3.22 (5.81) 2.14 (3.66) 0.21 (0.53) F= 5.558 0.005*

KMRS 1.97 (2.82) 1.08 (3.25) 0.03 (0.16) F= 5.530 0.005*

*Significant at p= 0.05, F ANOVA test statistical value, χ2Chi-squared test statistical value, OBP offspring of bipolar parents, OCP offspring of comparison
parents, OHP offspring of healthy parents, IQ intelligence quotient Wechsler intelligence test; -P parent rating, -C child rating, SCARED Screen for Child Anxiety
Related Emotional Disorders, CALS Children’s Affective Lability Scale, MFQ Mood and Feelings Questionnaire, KMRS Kiddie Schedule for Affective Disorders and
Schizophrenia for School-Age Children Mania Rating Scale, KDRS Kiddie Schedule for Affective Disorders and Schizophrenia for School-Age Children
Depression Rating Scale

Baseline and follow-up activity and functional connectivity in reward. . .
HE. Acuff et al.

1572

Neuropsychopharmacology (2019) 44:1570 – 1578



and post-hoc t-tests examined the effects of medications, and
correlation analyses examined the effects of age, on non-zero
predictor neuroimaging measures showing significant effects of
the group.
ANOVAs and post-hoc t-tests examined between-group differ-

ences in baseline symptom measures. Correlation analyses
examined relationships between neuroimaging and symptom
measures, at baseline and follow-up, and relationships between
changes in these measures between baseline and follow-up, for all
measures showing significant baseline between-group differ-
ences. Follow-up analyses occurred in 14 OBP, eight OCP, and
19 OHP who had completed second scans (mean(SD)= 2.70(1.22)
year inter-scan interval). Findings were corrected using Bonferroni
corrections.

RESULTS
Hypothesis Testing 1
Identification of non-zero predictors. Twenty-six of the original
118 non-zero predictor variables optimized model fit using the
minimum λ (λ= 0.224) identified by cross-validation (Fig. 1). A
pseudo r-squared, calculated containing 26 predictors from the
model versus an intercept-only model, indicated that 34.24% of
the variance in group was explained by these predictors
(Supplementary Table 1). Twenty-two variables were neuroima-
ging: 2 activity variables to reward (left and right OFC); 10 FC
variables to reward (VS–left cACC, VS–right rACC, lateral orbito-
frontal cortex–left amygdala, lateral orbitofrontal cortex–left rACC,
lateral orbitofrontal cortex–left VS, pars opercularis–right OFC, pars
orbitalis–left OFC, pars orbitalis–right cACC, pars orbitalis–right
OFC, and pars triangularis–right VS); and 10 FC variables to loss
(VS–left cACC, VS–right rACC, lateral orbitofrontal cortex–left
amygdala, lateral orbitofrontal cortex–left rACC, pars orbitalis–left
rACC, pars orbitalis–right amygdala, pars orbitalis–right cACC,

pars triangularis–left rACC, pars triangularis–right amygdala, and
pars triangularis–right OFC). Four variables were demographic: IQ,
SES (very low and low), and highest parental education (standard
college/university graduate).

Between-group differences in neuroimaging predictors. A one-way
between-subjects ANOVA examined the effects of group on all
non-zero predictors (Fig. 2, Supplementary Table 2). There was a
significant effect (p < 0.05) of group on VS–left cACC FC to loss
(F(2,104)= 4.173, p= 0.018), pars orbitalis-left (F(2,104)= 7.181,
p= 0.001) and -right (F(2,104)= 8.457, p < 0.001) OFC FC to
reward, pars triangularis–right OFC FC to loss (F(2,104)= 3.233,
p= 0.043), lateral orbitofrontal cortex–left amygdala FC to reward
(F(2,104)= 3.333, p= 0.040), and SES (F(2,104)= 6.771, p= 0.002).
Post-hoc comparisons (Tukey HSD-corrected) indicated that OBP
had significantly lower VS-left cACC FC to loss versus OCP
(p= 0.025) and OHP (p= 0.049); OBP had greater pars orbitalis-left
(p= 0.001) and -right (p < 0.001) OFC FC to reward versus OCP;
OCP had lower pars orbitalis–right OFC FC to reward versus OHP
(p= 0.046); OBP had greater pars triangularis–right OFC FC to
loss versus OCP (p= 0.033); and OBP had lower SES versus OCP
(p= 0.032) and OHP (p= 0.001).

Exploratory effects of left- versus right-sided regions. We addition-
ally explored the lateral nature of the seed regions for the
significant FC findings. Two one-way between-subjects ANOVAS
(Bonferroni-corrected for 2 tests) and post-hoc t-tests (Tukey HSD-
corrected) examined between-group differences in VS–left cACC
FC to loss, pars orbitalis-left and -right OFC FC to reward, and pars
triangularis–right OFC FC to loss using left-sided and right-sided
seed regions, separately (Fig. 3). There was a main effect of group
on right VS-left cACC FC to loss (F(2,104)= 4.857, p= 0.010) and
right pars orbitalis-left (F(2,104)= 6.140, p= 0.003) and -right
(F(2,104)= 7.552, p= 0.001) OFC FC to reward. OBP had lower

right VS-left cACC FC to loss versus OCP (p= 0.028) and OHP (p=
0.015), but greater right pars orbitalis-left (p= 0.003, 0.036) and
-right (p= 0.001, 0.038) OFC FC to reward versus OCP and OHP,
respectively. There was also a main effect of group on left pars
orbitalis-left (F(2,104)= 6.427, p= 0.002) and -right (F(2,104)=
6.283, p= 0.003) OFC FC to reward. OBP showed greater FC versus
OCP for the left (p= 0.002) and right (p= 0.002) OFC, respectively.
OCP additionally had lower left pars orbitalis–left OFC FC to
reward versus OHP (p= 0.045).
In summary, OBP significantly differed from both OCP and OHP

for three measures: right VS-left cACC FC to loss, right pars
orbitalis–left OFC FC to reward, and right pars orbitalis–right OFC
FC to reward. These were the focus of all future analyses.

Hypothesis Testing 2
Effects of non-BD disorders. Two one-way between-subjects
ANOVAs (Bonferroni-corrected for 2 tests) and post-hoc t-tests
(Tukey HSD-corrected) examined between-group differences in
the three neuroimaging measures that distinguished OBP from
both OCP and OHP in youth with versus without non-BD disorders.
OBP significantly differed from OCP and OHP only when
examining youth without non-BD disorders for the right VS-left
cACC (F(2,76)= 4.105, p= 0.020) and right pars orbitalis-left
(F(2,76)= 4.218, p= 0.018) and -right (F(2,76)= 5.051, p= 0.009)
OFC FC findings. In these youth, OBP had lower right VS-left cACC
(p= 0.034, 0.033) and greater right pars orbitalis-left (p= 0.031,
0.030) and -right (p= 0.008, 0.037) OFC FC versus OCP and OHP,
respectively. No significant differences were found when compar-
ing OBP and OCP with non-BD disorders.
When medicated youth were excluded and analyses were

repeated, main neuroimaging findings remained significant
(Supplementary Material). No significant correlations were found
between age and any main neuroimaging measures.

Exploratory analyses
Between-group differences in baseline symptom measures. A one-
way between-subjects ANOVA compared the effects of group on 8
baseline symptom measures (Fig. 4). There was a significant effect
(p < 0.006, Bonferroni corrected for 8 tests) of group only on
SCARED-P (F(2,103)= 8.542, p < 0.001), CALS-P (F(2,103)= 10.707,
p < 0.001), MFQ-P (F(2,103)= 5.690, p= 0.005), KDRS (F(2,103)=
5.558, p= 0.005), and KMRS (F(2,103)= 5.530, p= 0.005) scores.
Post-hoc comparisons (Tukey HSD-corrected) indicated that OBP
had significantly greater CALS-P scores (p= 0.024) versus OCP;
OBP had greater SCARED-P (p= 0.002), CALS-P (p < 0.001), MFQ-P
(p= 0.003), KDRS (p= 0.004), and KMRS (p= 0.004) scores versus
OHP; and OCP had greater SCARED-P (p= 0.002) scores
versus OHP.
No significant correlations were found when examining

relationships between main neuroimaging (right VS-left cACC,
right pars orbitalis-left and -right OFC FC) and symptom (SCARED-
P, CALS-P, MQ-P, KDRS, KMRS) measures that significantly differed
among all groups either at baseline, at follow-up, or over time
(Supplementary Table 4). Neuroimaging and symptom measures
did not significantly differ between first and second scans
(Supplementary Table 5).

DISCUSSION
The goal of this study was to identify neural measures in
reward processing circuitry that distinguished OBP from OCP
and OHP and determine whether these measures represented
trait- or state-level neural markers. Our primary findings
indicated that OBP had lower FC between the right VS-left
cACC to loss but greater FC between the right pars orbitalis
and both the left and right OFC to reward. These findings
were not affected by non-BD psychopathology, medications, or
symptomatology.
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VS-ACC connections are important to reward circuitries [47]. In
one study, the left dorsal ACC (dACC) had significant FC with both
the left and right VS during resting state and decision-making
tasks [47]. Greater left dACC-VS FC was associated with greater use
of coping strategies and lower non-planning impulsiveness [47].
Another study found that more severe gambling problems
significantly correlated with weaker right VS-left ACC FC [48].
Our findings of lower right VS-left cACC FC to loss in OBP parallel
these findings, and suggest that lower VS-cACC FC may be related
to impaired regulation of responses to loss receipt during reward
and/or gambling tasks. Because this finding distinguished OBP
from both OCP and OHP, abnormally reduced right VS-left cACC
FC to loss may be a marker of risk for future development of BD.

The vlPFC and OFC are involved in reward processing,
individually, but less is known about the relationship between
them in reward processing. In this study, the vlPFC was defined as
the lateral orbitofrontal cortex [15], pars orbitalis (BA47), pars
opercularis (BA44), and pars triangularis (BA45) [16], and the OFC
was defined as the medial orbitofrontal cortex (BA11). Anatomi-
cally, BA47 is dorsolaterally adjacent to, and interconnected with,
BA11 [49]. Both regions coactivate during reward tasks, with BA47
having roles in reward-related decision-making [10], and BA11
having roles in encoding reward values and comparing values of
different options [13]. Many studies in youth and adults with, and
at risk for, BD found that these individuals show greater activity,
bilaterally, in both regions during reward processing versus
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predictor variables. c Plot of non-zero variable fit after cross-validation. Representation of the 10-fold cross-validation performed for the elastic
net regression that chooses the optimal λ. Lambda.min corresponds to the λ which minimizes mean squared error. Lambda.1se corresponds to
the λ that is one standard error from the lambda.min. OBP offspring of bipolar parents, OCP offspring of comparison parents, OHP offspring of
healthy parents
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control groups [18–21, 26]. In line with these findings, we
identified greater pars orbitalis-OFC FC to reward in OBP versus
both OCP and OHP, likely reflecting greater encoding of, and
decision-making about, reward value in OBP. While we found that
this relationship distinguished OBP from both groups when
examining FC only with the right pars orbitalis, OBP also
significantly differed from OCP when examining FC with the left
pars orbitalis. The fact that OBP was not significantly distinguished
from OHP, as well, might reflect an issue with power. Thus, we
may speculate the relationship between the bilateral pars orbitalis
and bilateral OFC might be additional neural markers of risk for BP
in OBP. Future studies with increased sample sizes are necessary
to determine this.
Our findings parallel previous findings that highlighted the

importance of the VS and vlPFC in distinguishing OBP from OCP

and OHP during reward processing [27]. A previous study, which
used standard group-level analyses as opposed to analyses in
native space, found that OBP had lower bilateral VS–right vlPFC FC
to reward and loss [27], similar to our findings of decreased
bilateral (and right) VS-left cACC FC to loss. Additionally, these
vlPFC findings were primarily right-sided [27], as in our study.
While this previous study showed that the vlPFC had lower
connectivity with the VS [27], we showed greater vlPFC–OFC to
reward receipt, suggesting a greater encoding of reward values
and attunement to reward stimuli in OBP. This highlights the vlPFC
as a key region with multiple roles in reward processing circuitry
that uniquely distinguish OBP. Additionally, main findings
remained significant when excluding youth with non-BD psycho-
pathology and medications, as in previous studies [27]. Further-
more, no relationships were found between main neuroimaging

Fig. 2 Group differences in neuroimaging measures. Tukey HSD-corrected group comparisons in significant non-zero predictor neuroimaging
measures. a OBP had significantly lower bilateral VS–left caudal ACC functional connectivity when processing loss compared with OCP (p=
0.025) and OHP (p= 0.049). b OBP had significantly greater bilateral pars orbitalis–left OFC functional connectivity to reward (p= 0.001),
bilateral pars orbitalis–right OFC functional connectivity to reward (p < 0.001), and bilateral pars triangularis–right OFC functional connectivity
to loss (p= 0.033) compared with OCP. OCP had significantly lower bilateral pars orbitalis–right OFC functional connectivity to reward
compared with OHP (p= 0.046). *Significant at p= 0.05. OBP offspring of bipolar parents, OCP offspring of comparison parents, OHP offspring
of healthy parents, VS ventral striatum, ACC anterior cingulate cortex, FC functional connectivity, vlPFC ventrolateral prefrontal cortex, OFC
orbitofrontal cortex, SES socioeconomic status
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findings and symptomatology, either at baseline or follow-up, and
none of these measures showed significant differences in
magnitude over time. Together, these findings suggest that lower
right VS–left cACC FC to loss and greater right pars orbitalis-OFC
FC to reward are more likely to be trait-level neural markers of
future BD risk in OBP, but this will require replication in future
studies. This is an important step toward understanding the
mechanisms underlying the neural basis of genetic risk for BD.
Additional findings from our study were that OBP had lower SES

versus OCP and OHP. Studies have shown that low SES is
associated with increased risk for BD [50]. This further suggests
that our sample of OBP may be at greater risk for developing BD in
the future. An additional finding was that OBP had greater
bilateral pars triangularis–right OFC FC to loss versus OCP. This
finding did not remain significant when separating the pars
triangularis into left and right regions, however. It is possible that
this region of the vlPFC has less of a role in reward processing

circuitry compared with its other functions, such as verbal
semantic retrieval.
This study had limitations. While age did not significantly affect

neuroimaging measures, pubertal development cannot be ruled
out as a contributing factor in our results. Additionally, recent
studies have debated the possible inflation of predictions in
neuroimaging studies in individuals with psychiatric disorders [51];
we used a well-validated approach, however, that penalizes
complex models using regularization, cross-validation, and spar-
sity enforcement in model fit. It is possible that the neural markers
distinguishing OBP from other groups confer protection against
future development of BD in youth, given that none of the youth
in this study had yet developed BD. Only future longitudinal
follow-up in these youth will be able to differentiate between risk
and protective markers, however.
This is the first study to employ both cross-sectional and

longitudinal analyses of reward processing circuitries in youth at

Fig. 3 Group differences in neuroimaging measures: left- versus right-sided seed regions. a Tukey HSD-corrected group comparisons in
significant non-zero predictor neuroimaging measures with left-sided seeds. OBP had significantly greater left pars orbitalis—left (p= 0.002)
and right (p= 0.002) OFC functional connectivity to reward compared with OCP. OCP had significantly lower left pars orbitalis–left OFC
functional connectivity to reward compared with OHP (p= 0.045). b Tukey HSD-corrected group comparisons in significant non-zero predictor
neuroimaging measures with right-sided seeds. OBP had significantly lower right VS–left caudal ACC functional connectivity to loss compared
with OCP (p= 0.028) and OHP (p= 0.015). OBP had significantly greater right pars orbitalis—left and right OFC functional connectivity
compared with OCP (p= 0.003, 0.001) and OHP (p= 0.036, 0.038), respectively. *Significant at p= 0.05. OBP offspring of bipolar parents, OCP
offspring of comparison parents, OHP offspring of healthy parents, VS ventral striatum, ACC anterior cingulate cortex, OFC orbitofrontal cortex
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risk for BD versus comparative at-risk and healthy control groups.
We show that lower right VS–left cACC FC to loss and greater right
pars orbitalis–OFC FC to reward significantly distinguish OBP from
both OCP and OHP. These findings are independent of non-BD
psychopathology, medication use, and symptomatology and do
not significantly change at follow-up, rendering them more likely
trait- than state-level neural markers, and which may reflect either
risk for, or protection against, BD in at-risk youth. Our findings
comprise an important step toward identifying neural markers of
BD risk to aid in enhanced early identification, and guide
interventions, for BD at-risk youth.
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