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Background: Higher body mass index (BMI) and obesity is common among youth with bipolar disorder (BD) and is associated with
greater psychiatric illness severity, including suicidality. Obesity has been associated with frontal, temporal and subcortical volumetric reductions in adults with BD. We examined the neurostructural correlates of BMI in adolescents early in their course of BD. Methods: We
processed T1-weighted images of adolescents with BD and psychiatrically healthy controls using FreeSurfer to derive a priori region of interest (ROI) volumes/cortical thickness for the frontal lobe (FL), prefrontal cortex (PFC) and orbitofrontal cortex (OFC) as well as volumes for the amygdala and hippocampus. General linear models assessed the association between BMI and the ROIs, controlling for
age, sex and intracranial volume. We also conducted exploratory within-BD group and whole brain vertex-wise analyses. Results: We
included 40 adolescents with BD and 48 controls in our analyses. In addition to a main effect of BMI on the ROIs, there were significant
diagnosis × BMI interaction effects on FL volumes. In the BD group only, BMI was negatively associated with FL, OFC and PFC cortical
thickness. Whole brain analysis of BMI–volume correlations revealed 2 significant interaction clusters: 1 in the medial OFC and 1 in the
caudal anterior cingulate cortex, with BD showing a stronger negative correlation. Limitations: Reliance on BMI rather than a more
nuanced measure of obesity may have influenced the findings. Conclusion: Our results suggest that elevated BMI among adolescents
with BD is associated with frontal neurostructural differences that are not observed in controls. Prospective studies examining the direction of the observed associations and the effect of BMI optimization on brain structure in adolescents with BD are warranted.

Introduction
Overweight and obesity are common among youth and
adults with bipolar disorder (BD) in clinical as well as in
largely untreated epidemiologic samples.1–6 Elevated body
mass index (BMI) is associated with hypertension, diabetes,
certain types of cancer and cardiovascular disease (CVD).7–9
The latter is particularly concerning because CVD is excessively prevalent and occurs prematurely in individuals with
BD,4,10 recently leading the American Heart Association to
position BD as an illness that predisposes youth to premature CVD and atherosclerosis.11
In addition to its adverse physical health correlates,
obesity has been associated with a more pernicious course
of BD in adults, including increased frequency of mood episodes, increased treatment resistance, poor cognitive func-

tion and increased suicidality.2,12–14 Similar to findings in
adults with BD, overweight/obesity in adolescents with BD
has been associated with greater prevalence of substance
use disorder, self-injurious behaviour, suicidality, neurocognitive dysfunction and greater number of psychiatric
hospital admissions.2,6,15,16 Recent general population data
from the United States indicated that although overweight/
obesity was not more common among adolescents with BD
than in other adolescents, in this largely untreated sample
it was nonetheless associated with indicators of BD severity,
such as suicide attempts and psychiatric hospital ad
mission.5 Nevertheless, the brain phenotypes and the putative neurobiological mechanisms underlying the link
between obesity and increased illness burden are relatively
unknown.
The neurostructural correlates of BMI and other proxies
of obesity (e.g., waist circumference and total body fat) have
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been studied and reviewed extensively in the general
population.17 In youth, BMI is most consistently associated
with reduced grey matter volume in the frontal lobe (FL),
specifically in the prefrontal cortex (PFC) and orbitofrontal
cortex (OFC).17–22 There is also evidence of reduced volume
of medial temporal lobe (MTL) structures, such as the hippocampus and parahippocampal gyrus in overweight and
obese adolescents.23 The FL regions are of particular relevance to BD because they are associated with higher-level
cognitive processes, such as executive functioning, decisionmaking and inhibitory control, and are also known to modu
late emotion processing.17,24
Bipolar disorder is also associated with differences in
brain structure. A recent-meta analysis established that adolescents with BD have smaller amygdalas than healthy controls.25 Smaller hippocampal volumes as well as reduced
grey matter and thinner cortex in the PFC have also been reported in youth with BD.26–28 In adults, a recent systematic
review of studies examining cortical thickness showed that
BD was associated with cortical thinning, predominantly in
the left anterior cingulate cortex, left superior temporal
gyrus and bilateral PFC.29 In contrast, a meta-analysis of
studies examining regional volumes in adults concluded
that, besides right lateral ventricular enlargement, no other
regional volumes were significantly different in individuals
with BD.30 Overlapping findings between youth and adult
cortical thickness studies, but mixed findings between
youth and adult volumetric studies, suggest volume and
cortical thickness may follow different neurodevelopmental
trajectories.
Despite the large number of brain structure studies examining obesity and BD independently, investigation of the
association between obesity and BD from a neuroimaging
perspective is limited. One group recently reported voxelbased morphometry (VBM) findings that higher BMI in patients with BD was associated with reduced grey matter and
white matter volume in clusters within the frontal, temporal
and subcortical limbic structures in contrast to healthyweight controls who showed reduced occipital lobe grey
matter only,31,32 but this topic has not yet been addressed in
adolescents. In addition to the importance of examining this
topic in adolescents from a developmental perspective,
focusing on adolescents offers the advantage of reduced
confounding variables, as adolescents have shorter duration
of BD-related symptoms, stressors and treatments and less
impact of age-related neurodegeneration and chronic diseases of aging.
The purpose of this study was to ascertain the association
between BMI and brain structure (volume and cortical
thickness) of regions of interest (ROIs) selected a priori
among adolescents with and without BD. The selected ROIs
have been implicated in both BD and obesity and include
the cortical (FL, PFC, and OFC) and subcortical (amygdala
and hippocampus) regions. Of note, for cortical ROIs, we
examined both volume and cortical thickness as separate
measures.
We hypothesized that there would be a negative main effect of BMI in predicting ROI measures. We also hypothe-
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sized that there would be a group × BMI interaction effect
in predicting ROI measures such that the negative correlation between BMI and ROI measures would be greater in
adolescents with BD than in psychiatrically healthy control
participants.

Methods
Participant selection
This study included adolescents with BD (type I, II or not
otherwise specified [NOS]) and psychiatrically healthy controls between the ages of 13 and 20 years. We recruited participants with BD primarily from within the Centre for
Youth Bipolar Disorder (CYBD), a subspecialty clinical research program at Sunnybrook Health Sciences Centre in
Toronto, Canada. To be included, they had to meet DSM-5
diagnostic criteria for BD (I, II, or NOS). Briefly, BD-I requires at least 1 episode of mania (severe elation or irritability accompanied by other symptoms), usually alternating
with episodes of depression, whereas BD-II involves milder
hypomanic episodes alternating with periods of depression.
We used operationalized criteria for BD-NOS based on the
Course and Outcome of Bipolar Youth (COBY) study:33 individuals with BD-NOS had at least 4 lifetime days with at
least 4 hours of either elated mood with the addition of 2 associated DSM-5 manic symptoms or irritable mood with the
addition of 3 associated DSM-5 manic symptoms, with a
clear change in functioning.
We recruited control participants from the community
via advertisements (newspaper ads, local print media) on
public transit and in institutions in the Greater Toronto
Area. To be included, they had to have no history of major
psychiatric disorders (i.e., no lifetime mood or psychotic
disorders, no alcohol or drug dependence in the past
3 months and no anxiety disorders in the past 3 months)
and no family history of BD or psychosis (first or second-
degree relatives). Psychiatric diagnoses were assessed using
the Schedule for Affective Disorders and Schizophrenia for
School Aged Children (6–18 Years) — Present and Lifetime
version (K-SADS-PL), a semistructured interview tool
intended to obtain current episode and lifetime history of
psychiatric disorders.34
The KSADS Depression Rating Scale (DRS)35 and KSADS
Mania Rating Scale (MRS)36 were used as measures of depressive and hypomanic symptom severity, respectively.
Individuals were classified as hypomanic if they had an
MRS score of 12 or higher, depressed if they had a DRS
score of 13 or higher, mixed if both scores were above
threshold, or euthymic if both scores were below threshold.
Participants were excluded from this study if they were
unable to give informed consent (e.g., severe mania or psychosis or unable to speak English); had a pre-existing cardiac condition, autoimmune illness, or inflammatory illness;
were taking any anti-inflammatory, anti-platelet, anti-
lipidemic, anti-hypertensive or hypoglycemic agents (including insulin and metformin); had an infectious disease
within the past 14 days; had any contraindications for MRI
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(e.g., cardiac pacemaker, metal implant in the body); had a
health condition or physiologic impairment that prohibited
intense exercise; or had any neurologic abnormalities or
severe cognitive impairment (e.g., autism).

Anthropometric data
We calculated BMI as weight in kilograms divided by
height in square metres. We calculated BMI percentile and
BMI z-score based on age and sex for participants under the
age of 20 years using standardized growth charts from the
Centres for Disease Control and Prevention (CDC; www
.cdc.gov/healthyweight/assessing/bmi/). Weight meas
urements were adjusted as follows: –1.3 kg if the participant
was wearing long pants and a long-sleeved shirt, –1.1 kg if
wearing short pants or short sleeves, and –0.9 kg if wearing
both short sleeves and short pants. Waist circumference was
measured using a standard measuring tape.

Image acquisition and processing
We collected MRI data with a 3 T Philips Achieva system
using body coil transmission and an 8-channel head receiver coil. Structural images were acquired via T1-weighted
high-resolution fast-field echo imaging with the following
parameters: repetition time (TR) 9.5 ms, echo time (TE)
2.3 ms, inversion time (TI) 1400 ms, spatial resolution 0.94 ×
1.17 × 1.2 mm, 256 × 164 × 140 matrix, flip angle 8°, scan
d uration 8 minutes 56 seconds. Three-dimensional T 1weighted images quantified grey matter and white matter
using a single slab Fast Field Echo sequence with the following parameters: 140 slices, TE 2.3 ms, TR 9.5 ms and flip
angle 8°, field of view 240 × 191 mm2, acquisition time
8 minutes 56 seconds.
Two independent raters blinded to diagnosis (A.H.I. and
A.W.M.) visually inspected T1-weighted images of all par
ticipants for motion and image artifacts before preprocessing. A score between 0 and 3 was given for each T1 image
with respect to quality. Raters were trained to score based
on overall image quality (i.e., graininess, contrast between
white matter and grey matter, and number of artifacts due
to excessive movement while in the scanner). In cases where
there were incongruent scores between raters, images were
inspected a second time and consensus was reached following discussion. We used the C
 ohen κ test to measure the
level of agreement between visual inspection ratings.37 T1weighted images with a score of 3 (i.e., poor quality) were
excluded from the data set before being processed in FreeSurfer.38 In total, we excluded 6 T1 images from the data set
(2 in the BD group and 4 in the control group).
T1-weighted images for individual participants were processed into surface-based structural data using the automated reconstruction function in the image analysis suite
FreeSurfer version 5.3.0 (http://surfer.nmr.mgh.harvard
.edu/).39 In brief, the automated preprocessing included intensity normalization,40 registration to Montreal Neuro
logical Institute (MNI) space and automated skull stripping.41 Automated parcellation38,42 proceeded with cortical

surface reconstruction, including generation of binary white
matter masks in 2 hemispheres, which were used to produce a tessellated mesh of the white matter surface,
smoothed to remove voxel-based effects and corrected for
topological defects.43 White matter and pial surfaces were
then extracted and spherically inflated to be registered to a
canonical template.44 Finally, u
 sing a parcellation algorithm,
the individual brains were mapped to the Desikan–Killiany
probabilistic cortical atlas45 based on anatomic landmarks
and cortical geometry to assign gyral labels of interest.38 Individual participants’ cortical thickness, surface area and
volume were then extracted directly from FreeSurfer. Automated segmentation of subcortical volumes occurred in
dependently in a separate stream and involved nonlinear
registration to the MNI305 probabilistic atlas to label the
various subcortical structures.42
We created ROI volumes by summing individual gyral
labels from the Desikan–Killiany atlas.45 The PFC included
the rostral and caudal middle frontal, caudal anterior cingulate, and superior frontal gyral labels. The OFC consisted of
medial and lateral orbitofrontal gyral labels. The FL was defined as all cortical labels anterior to the central sulcus, including the superior frontal, rostral and caudal middle frontal regions; pars opercularis; pars triangularis; pars orbitalis;
and lateral, medial orbitofrontal, precentral, paracentral and
frontal poles. Despite overlapping with the PFC and OFC,
the FL was considered separately for reference to prior literature.17,24 We calculated mean cortical thickness for each cortical ROI using the surface area of the component regions as
a weighting factor. For example, mean OFC thickness =
[(lateral orbitofrontal area × lateral orbitofrontal thickness)
+ (medial orbitofrontal area × medial orbitofrontal thickness)] ÷ (lateral + medial orbitofrontal area).

Statistical analysis
We assessed normality of all continuous variables using the
Shapiro–Wilks test. Nonparametric tests were used for nonnormally distributed variables. Continuous variables were
compared between groups using independent-samples t
tests and Mann–Whitney U tests. We examined group differences in categorical variables using χ2 tests. Effect sizes
were reported as Cohen d for continuous variables and
Cramer V for categorical variables. The general linear models (GLMs) included the ROIs as the outcome variable, diagnosis as the fixed factor, BMI as the continuous predictor
variable of interest, and age and sex as covariates; we included intracranial volume (ICV) as an additional covariate
if ROI volume was the outcome variable. When testing the
interaction between diagnosis and BMI, the GLM included
a diagnosis × BMI interaction term. We used η2, which
measures the proportion of the total variance in a depend
ent variable that is explained by a given independent variable,46 to measure the effect size of independent variables in
the GLMs. Sensitivity analyses further controlled for medication, psychiatric comorbidities and systolic blood pressure. We tested medication effects for 4 different types of
medication: lithium, second-generation antipsychotics,
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stimulants and antidepressants (selective serotonin reuptake inhibitors [SSRIs] and non-SSRIs). For comorbidity, we
tested 4 separate diagnosis effects: attention-deficit/
hyperactivity disorder (ADHD), anxiety, substance use disorder (SUD) and oppositional defiant disorder (ODD). In
these models, the medications/comorbidities were categor
ical variables, and we tested their interaction with BMI
while including main effects in the model. We controlled for
systolic blood pressure in the GLMs as an additional continuous covariate. Secondary analyses using waist circumference instead of BMI were also conducted. We considered results to be significant at p < 0.05. All statistical tests were
performed using SPSS software version 22 (IBM Inc.). The
Benjamini–Hochberg false discovery rate (FDR) method
was used to correct for multiple comparisons.47
We calculated residualized ROI volume/thickness by
running a linear regression with the outcome variable (i.e.,
ROI volume/thickness) as the dependent variable and only
the covariates (i.e., age, sex, ICV) as the independent variables and saving the unstandardized residuals. Similarly,
residualized BMI was calculated by running linear regression with BMI as the dependent variable and only the covariates (i.e., age, sex, ICV) as the independent variables
and saving the unstandardized residuals. Residualized ROI
versus residualized BMI plots were rendered to show fit
lines without effect of nuisance covariates.
To conduct the whole-brain exploratory analyses, we used
the QDEC (query, design, estimate, contrast) tool included in
the FreeSurfer package.48 We elected to use a surface-based
smoothing with a full-width at half-maximum of 15 mm
based on previous literature.49 We performed vertex to vertex contrasts of cortical volume for controls versus patients
with BD. For this comparison, we generated an average normal control surface, and volume data from each participant
were mapped to this average surface and smoothed. Finally,
each contrast was entered into an analysis of covariance
GLM design matrix, which included diagnosis, ICV, sex
and age as covariates and BMI as our continuous variable of
interest. Results were thresholded at a surface-wide (i.e.,
primary) threshold of p < 0.05. We corrected for multiple
comparisons with permutation testing with Monte Carlo
simulation and cluster analysis, as implemented in FreeSurfer 5.3. In light of prior findings regarding sex differences in the neuroanatomy of BD among adults,50 we conducted an exploratory sex × diagnosis × BMI interaction for
clusters identified in our whole brain diagnosis × BMI
analyses.

Results

Clinical characteristics
In the BD sample, there were 6 (15%) hypomanic, 11 (27.5%)
depressed, 9 (22.5%) mixed and 14 (35%) euthymic individuals. The average mania score was 10.46 ± 9.76 and the
average depression score was 15.89 ± 12.37. The average
duration of illness was 2.35 ± 1.96 years.

Main effect of BMI on ROIs in the whole sample
In the entire sample, BMI was negatively correlated with
mean FL (η2p = 0.078, pFDR = 0.006), PFC (η2p = 0.086, pFDR =
0.009) and OFC (η2p = 0.107, pFDR = 0.009) cortical thickness
after controlling for covariates. No other regions were significant (all pFDR > 0.62. The effects of BMI on each ROI are
reported in Table 2.

Interaction between diagnosis and BMI
The diagnosis × BMI interaction effects on ROI measures are
presented in Table 3. The interaction effect was significant
for FL volume (η2p = 0.062, pFDR = 0.023), indicating that the
effect of BMI was different for participants with BD than
controls; OFC volume showed a nonsignificant trend
toward an interaction effect (η2p = 0.072, pFDR = 0.056). No
other regions had significant interaction effects (p FDR >
0.106). Figure 1A and B present corrected scatterplots of
residualized BMI versus residualized FL and OFC volumes,
respectively. Appendix 1, Figure S2a and b, available at jpn.
ca/170041-a1, shows scatterplots of raw BMI versus raw FL
and OFC volumes, respectively.

Main effect of BMI on ROI measures within the BD group
In the BD group, BMI was negatively correlated with FL
(η2p = 0.137, pFDR = 0.022), PFC (η2p= 0.154, pFDR = 0.015) and
OFC (η 2 p = 0.239, p FDR = 0.006) cortical thickness and
showed a trend toward negative correlation for FL (η2p =
0.081, pFDR = 0.087) and OFC (η2p = 0.149, pFDR = 0.072) volume. There were no significant correlations between BMI
and any of the ROIs in the control group (pFDR > 0.144).
Simple main effects of BMI on ROI measures for patients
with BD and controls are presented in Table 4 and Table 5,
respectively.

Additional covariate analyses within the BD subgroup

Demographic and clinical characteristics between groups
We included 40 adolescents with BD and 48 controls in our
analyses. Compared with controls, participants with BD
were older (p = 0.001); had a higher BMI (p = 0.001), increased waist circumference (p = 0.002) and more psychiatric comorbidities (all p < 0.05); and were more likely to have
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a family history of psychiatric illness (p = 0.003). Participants with BD did not differ from controls on other baseline
characteristics (Table 1).

To understand potential effects of medication and comorbidity in the regions where BMI effects differed between patients with BD and controls (i.e., FL and OFC volume), univariate GLMs testing the interaction between BMI and the
aforementioned covariates were conducted within the BD
group. As control analyses were exploratory, they were not
corrected for multiple comparisons.
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and non-ADHD groups, with the largest effect of BMI for those
with ADHD. No other interactions were found (all p > 0.14).
We controlled for systolic blood pressure and found that
the diagnosis × BMI interaction remained significant for
frontal lobe volume (p = 0.026).

None of the classes of medication interacted with the BMI effect (all p > 0.17). The ADHD × BMI interaction effect was significant for FL (p = 0.042) and OFC (p = 0.011) volumes. Appendix 1, Figure S1, shows corrected scatterplots of the interaction
indicating BMI effects on FL and OFC volumes for both ADHD

Table 1: Demographic and clinical characteristics of study participants
Group; mean ± SD or no. (%)
Characteristic

BD (n = 40)

Control (n = 48)

Statistical test

Effect size

p value

Age, yr

17.03 ± 1.44

15.85 ± 1.74

U = 572.5

d = 0.739

0.001

24 (60)

25 (52)

χ2 = 0.554

V = 0.079

0.46

52.35 ± 12.38

52.98 ± 10.31

t = –0.26

d = 0.051

0.80

BD-I

14 (35)

—

—

—

—

BD-II

14 (35)

—

—

—

—

BD-NOS

12 (30)

—

—

—

—

82.15 ± 9.48

74.62 ± 6.97

U = 317

d = 0.905

0.001
< 0.001

Female sex
Socioeconomic status
BD subtype

Waist circumference

24.44 ± 4.32

21.22 ± 2.98

U = 470

d = 0.868

Resting systolic BP

Adjusted BMI

112.68 ± 12.84

109.85 ± 17.13

t = 0.86

d = 0.187

0.40

Resting diastolic BP

68.58 ± 7.81

68.07 ± 10.00

t = 0.26

d = 0.057

0.80

Lifetime tobacco use

6 (25)

0 (0)

χ2 = 4.70

V = 0.389

0.030

ADHD

17 (44)

5 (10)

χ2 = 11.78

V = 0.372

0.001

Anxiety

29 (73)

2 (4)

χ2 = 43.88

V = 0.710

< 0.001

SUD

9 (23)

0 (0)

χ2 = 12.03

V = 0.370

< 0.001

ODD

12 (30)

0 (0)

χ2 = 16.67

V = 0.435

< 0.001

3 (8)

0 (0)

χ2 = 3.73

V = 0.206

0.05

Lifetime comorbid diagnoses

CD
Family history*
Mania/hypomania

22 (55)

—

—

—

—

Depression

27 (68)

9 (19)

χ2 = 21.45

V = 0.494

< 0.001

Anxiety

22 (55)

9 (19)

χ2 = 12.57

V = 0.378

< 0.001

ADHD

9 (23)

1 (2)

χ2 = 9.03

V = 0.320

0.003

Second-generation antipsychotics

21 (53)

—

—

—

—

Lithium

8 (20)

—

—

—

—

SSRIs

11(28)

—

—

—

—

Non-SSRI antidepressants

4 (10)

—

—

—

—

Stimulants

9 (23)

—

—

—

—

Medications

ADHD = attention-deficit/hyperactivity disorder; BD = bipolar disorder; BP = blood pressure; CD = conduct disorder; NOS = not otherwise specified;
ODD = oppositional defiant disorder; SD = standard deviation; SSRI = selective serotonin reuptake inhibitor; SUD = substance use disorder.
*First- or second-degree relatives.

Table 3: Effect of diagnosis × body mass index interaction on region
of interest measures

Table 2: Main effect of body mass index on region of interest
measures in the whole sample
Region of interest
FL volume

η2

t

p value

pFDR

Region of interest

0.004

–0.60

0.55

0.55

η2

t

p value

pFDR

FL volume

0.062

–2.32

0.023

0.023

PFC volume

0.012

–0.988

0.33

0.62

PFC volume

0.026

–1.48

0.14

0.28

OFC volume

0.007

–0.74

0.46

0.62

OFC volume

0.072

–2.50

0.014

0.06

Hippocampus volume

0.002

0.39

0.70

0.70

Hippocampus volume

0.007

0.77

0.45

0.60

Amygdala volume

0.020

1.31

0.19

0.62

Amygdala volume

0.001

–0.26

0.80

0.80

FL Thickness

0.078

–2.67

0.009

0.009

FL Thickness

0.034

–1.69

0.10

0.11

PFC Thickness

0.086

–2.81

0.006

0.009

PFC Thickness

0.032

–1.64

0.11

0.11

OFC Thickness

0.107

–3.17

0.002

0.006

OFC Thickness

0.040

–1.86

0.07

0.11

FL = frontal lobe; OFC = orbitofrontal cortex; PFC = prefrontal cortex.

FL = frontal lobe; OFC = orbitofrontal cortex; PFC = prefrontal cortex.
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Whole brain vertex-wise analysis
Whole brain analysis found significant interaction effects (i.e.,
diagnosis × BMI) in 2 clusters (Fig. 2). There was 1 cluster in
the left hemisphere with a peak vertex in the medial OFC
(cluster size 1544.41 mm2, cluster-wise p = 0.027, MNI coordin
ates: x, y, z = –7.8, 40.3, –15.8), extending to the rostral anterior
cingulate cortex (ACC) as well as a small portion of the super
ior frontal gyrus. There was also a cluster in the right hemisphere with a peak vertex in the caudal ACC (cluster size
3197.35 mm2, cluster-wise p = 0.0001, Talairach coordinates: x,
y, z = 13.3, 31.6, 17.7), extending to the superior frontal, rostral
ACC, and both the lateral and medial OFC. Figure 3A and B
show corrected scatter plots of the interaction indicating a
greater negative correlation between BMI and volume in
those clusters in patients with BD than in controls.
We found diagnosis × BMI × sex interactions in the medial
OFC (p < 0.001) as well as in the caudal ACC (p < 0.001). In
both clusters, the association between BMI and cortical volume was significantly more negative among male than female adolescents in the BD group; in contrast, this association
was not observed in the control group.

Secondary analyses using waist circumference
There was a significant diagnosis × waist circumference interaction effect on OFC volume (p = 0.047). Within the BD group,
waist circumference was negatively associated with OFC thickness (p = 0.027) and volume (p = 0.048). There were no significant associations between waist circumference and any of the
ROIs in the control sample. There were no significant diag-

A

nosis × waist circumference interactions in whole brain analyses of either cortical thickness or volume. Overall, these findings converge with, but do not fully reflect, the BMI findings.

Interrater reliability statistics on T1 visual inspection ratings
Interrater reliability was κ = 0.68, indicating a moderate level
of agreement.

Discussion
This study examined the association between BMI and brain
structure in adolescents with and without BD. Our results
show a significant diagnosis × BMI interaction effect for FL
volume. Within-group analyses identified significant
covariate-adjusted negative correlations between BMI and
FL, PFC and OFC cortical thickness in the BD group but not
the control group. Sensitivity analysis indicated an ADHD ×
BMI interaction effect on FL and OFC volumes in the BD
group. Subsequent within-BD group analyses showed that
there were stronger negative correlations between BMI and
FL and OFC volumes in participants with BD with than without comorbid ADHD. Exploratory whole brain analyses
showed that there were significant diagnosis × BMI interaction effects in clusters predominantly encompassing the ACC
and the OFC. Specifically, the negative correlation between
BMI and the volumes within those clusters were greater in
participants with BD than in controls. These findings may
point to a potential neurobiological mechanism linking
obesity and poor health outcomes observed in patients with
BD and may inform novel treatment approaches.

B
BD
Control
BD
Control

6000.00

Residualized OFC volume

20 000.00

Residualized FL volume

BD
Control
BD
Control

8000.00

0.00

–20 000.00

4000.00
2000.00
0.00
–2000.00
–4000.00

–40 000.00

–6000.00

–10.00 –5.00

0.00

5.00

10.00

15.00

20.00

–10.00 –5.00

Residualized BMI

0.00

5.00

10.00

15.00

20.00

Residualized BMI

Fig. 1: Diagnosis × body mass index (BMI) interaction on frontal lobe (FL) volume and orbitofrontal cortex (OFC) volume. (A) Residualized
BMI versus residualized FL volume. (B) Residualized BMI versus residualized OFC volume.
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ROI analyses
Consistent with the study in adult BD,31 elevated BMI in our
adolescent BD sample was associated with FL grey matter
volume reductions. However, in contrast to the adult study,
we did not observe any negative correlations between BMI
and any of the subcortical limbic ROIs (i.e., amygdala or hippocampus). The present findings suggest that BMI may be
implicated in prior findings of reduced FL volumes in youth
with BD.51,52
There was a minor discrepancy between the significant
diagnosis × BMI interaction for FL volume, contrasting solely
with a main effect of BMI for FL thickness. However, there
was a meaningful negative association between BMI and
both FL volume and FL thickness in patients with BD and a
minimal positive association between BMI and both FL volume and FL thickness in controls. The fact that 1 contrast
yielded a significant interaction is based on modest statistical
differences; the interaction for FL thickness was nearly sig
nificant (pFDR = 0.11). Although this modest discrepancy may
be explained by different drivers of cortical volume versus
thickness (e.g., different neurodevelopmental trajectories53
and/or genetics54), in our view the 2 dependent variables
yielded an overall convergent pattern.
The etiopathological factors that underlie the significant
interaction based on diagnosis are as yet uncertain. This
study did not replicate prior findings of a negative association between BMI and brain volumes in non-BD youth in the

Table 4: Main effect of body mass index on region of interest
measures in adolescents with bipolar disorder
η2

t

p value

pFDR

FL volume

0.081

–1.76

0.09

0.09

PFC volume

0.044

–1.27

0.21

0.43

OFC volume

0.149

–2.49

0.018

0.07

Hippocampus volume

0.015

0.73

0.47

0.47

Amygdala volume

0.016

0.75

0.46

0.47

FL Thickness

0.137

–2.39

0.022

0.022

PFC Thickness

0.154

–2.56

0.010

0.015

OFC Thickness

0.239

–3.36

0.002

0.006

Region of interest

FL = frontal lobe, OFC = orbitofrontal cortex, PFC = prefrontal cortex.

Table 5: Main effect of body mass index on region of interest
measures in psychiatrically healthy controls
η2

t

p value

pFDR

FL volume

0.049

1.49

0.14

0.14

PFC volume

0.014

0.78

0.44

0.59

OFC volume

0.041

1.36

0.18

0.59

Hippocampus volume

0.003

–0.36

0.72

0.72

Amygdala volume

0.017

0.87

0.39

0.59

FL Thickness

0.001

0.25

0.80

0.99

PFC Thickness

0.000

0.02

0.99

0.99

OFC Thickness

0.002

–0.26

0.80

0.99

Region of interest

FL = frontal lobe, OFC = orbitofrontal cortex, PFC = prefrontal cortex.

Left hemisphere
Uncorrected

Right hemisphere
Corrected

–5.00

Uncorrected

–2.50

0.00

2.50

Corrected

5.00

Fig. 2: Whole brain vertex-wise analysis (bipolar disorder > control) of body mass index–cortical volume correlations. The colour scale indicates –log-p. Significant clusters were found within the left hemisphere, with peak vertex in the medial orbitofrontal cortex (OFC), encompassing the caudal anterior cingulate cortex (ACC), rostral ACC and superior frontal gyrus, as well as in the right hemisphere, with peak vertex in
the caudal ACC, encompassing the superior frontal gyrus, rostral ACC, and medial and lateral OFC.
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Convergent with our ROI findings, BMI–volume correlations
in those regions were more negative in patients with BD than
in controls. Consistent with previous findings, the ACC is another structure that may be associated with the neuropathology of BD. Most notably, 1 study found reduced subgenual
ACC volumes following the onset of BD in at-risk youth.57
This finding would imply that neurostructural changes take
place after the onset of BD symptoms. Taken together with
previous evidence that suggests that obese youth with BD experience the onset of BD at an earlier age,15 we can speculate
that elevated BMI and its corresponding reduction in ACC
volume could be a consequence of BD onset and therefore
could be associated with the pathophysiology of BD. However, future longitudinal studies would be needed to confirm
this hypothesis.
Furthermore, numerous fMRI studies have shown abnormal activity in the ACC in both emotional and cognitive domains across varying mood states in individuals with BD.58,59
Given that the ACC plays an integral role in regulating emotion and cognition in those with BD, its negative correlation
with BMI in adolescents with BD is a finding with potential
clinical applications. Intervention studies are warranted to
determine whether optimization of BMI yields volumetric
normalization and, in turn, improvements in emotional regulation among adolescents with BD.
Exploratory analysis of diagnosis × BMI × sex interactions
within the aforementioned clusters revealed that there were
within-group differences in the association between BMI and
cortical volume. These results imply that the association
between BMI and brain structure is moderated by sex in

general population.17 This inconsistency may relate to the fact
that our control sample was healthier than those in prior
population studies, both in terms of BMI and mental health.
Out of the 48 control participants, only 4 (8.3%) met the BMI
cut-off to be considered overweight or obese (as per CDC
guidelines on BMI for age and sex percentiles), which is far
lower than the prevalence in the general population (30%).55
Moreover, the National Comorbidity Survey has reported
that nearly 1 in 4 adolescents in the United States meet the
criteria for a mental disorder with severe impairment.56 In
contrast, only 10% of our control sample had ADHD and 4%
had an anxiety disorder. One can speculate that the lowerthan-population rate of overweight/obesity combined with
the lower-than-population rate of psychopathology in our
control sample may have collectively contributed to the null
findings in this group.
Finally, our sensitivity analyses confirmed that the observed diagnosis × BMI interaction for frontal lobe volume is
not explained by systolic blood pressure. Although we speculate that mechanisms other than traditional cardiovascular
risk factors explain the present finding, future studies integrating measures such as blood glucose, lipids and leptin are
warranted.

Whole brain analysis
The whole brain vertex-wise analysis of BMI–volume correlations between groups resolved 2 large clusters — 1 with a
peak in the ACC and 1 with a peak in the OFC — both encompassing large regions of the caudal and rostral ACC.

A

BD
Control
BD
Control

Residualized ACC cluster volume

Residualized OFC cluster volume

3000.00

B

2000.00

1000.00

0.00

–1000.00

–2000.00

BD
Control
BD
Control
2000.00

0.00

–2000.00

–4000.00
–10.00 –5.00

0.00

5.00

10.00

15.00

20.00

–10.00 –5.00

Residualized BMI

0.00

5.00

10.00

15.00

20.00

Residualized BMI

Fig. 3: Diagnosis × body mass index (BMI) interaction clusters in left hemisphere (LH) and right hemisphere (RH). (A) Residualized BMI
v ersus residualized orbitofrontal cortex cluster volume in the LH. (B) Residualized BMI versus residualized anterior cingulate cortex cluster
volume in the RH.
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a dolescents with BD but not in controls. Although there is
currently no literature examining sex differences in the association between BMI and brain structure in individuals with
BD, a recent review of neuroimaging studies of adults with
BD reports evidence for sex-related structural differences
within the limbic and prefrontal regions.50 Future studies
examining sex × BMI interaction on clinical characteristics of
BD are warranted.

measures of adiposity may have influenced the findings.
Fourth, despite covarying for medications, the possibility of
residual psychotropic medication effects remains.68–71 Fifth,
the present cross-sectional data do not allow for analyses regarding the effect of duration of elevated BMI. Finally, the
range of BMI was narrower in the control sample than the
BD sample, which may explain in part the lack of negative
correlation between BMI and ROIs in the control participants.

ADHD × BMI interaction in patients with BD

Conclusion

Our results showed that the effect of BMI in predicting FL and
OFC volumes in adolescents with BD differs on the basis of
ADHD diagnosis. We observed a stronger negative correlation
in the adolescents with both BD and ADHD than in the BDonly and the control groups. Present findings converge in part
with those of prior ADHD neuroimaging studies. A metaanalysis reported reduced total brain volume in patients with
ADHD compared with psychiatrically healthy controls.60 One
study specifically found cortical thinning in frontal regions
and the cingulate cortex in children with ADHD.61 Similar to
those with BD, adolescents with ADHD are also more likely
to be overweight or obese.62 Part of this association may be
explained by individuals with ADHD eating impulsively
possibly being more likely to binge-eat.63

To our knowledge, this was the first study to examine the
association between BMI and neurostructural measures in
adolescents with BD. Findings from this study suggest that
there are unique neurostructural correlates of elevated BMI
in adolescents with BD that are not observed in controls. In
particular, BMI was associated with reduced FL and OFC
volumes in adolescents with BD. Prospective studies examining the direction of the observed associations and the
effect of BMI optimization on brain structure in patients
with BD are warranted. In the interim, our findings add to a
growing literature that highlights the relevance of brain–
body links in individuals with BD and other psychiatric
conditions.

Association between obesity and brain structure in patients
with BD
It is likely that the association between BMI and brain structure is bidirectional, especially in the context of BD (Appendix 1, Fig. S3). Disinhibition and heightened feeding behaviour, subserved by FL and OFC volume reduction, can lead
to increased BMI. Additionally, reduced volume in the OFC,
a region involved in emotion regulation and reward circuitry, is associated with depressed mood,64 which in itself is
correlated with overeating and decreased energy expenditure.65 Conversely, the resulting obese phenotype may be
causing these reductions in the aforementioned brain regions
via biochemical mechanisms, such as increased inflammatory
cytokines, decreased peripheral brain-derived neurotrophic
factor levels, disrupted cortisol levels and abnormal leptin
signalling,66,67 all of which have been linked to both BMI and
brain structure.17

Limitations
A number of study limitations warrant comment. First, the
cross-sectional and observational design precludes inferences
regarding the directionality of the observed associations.
Second, the study did not include peripheral biomarkers or
neurocognitive testing, measures that could have helped inform our understanding of mechanisms underlying the link
between brain structure and obesity in individuals with BD.
Third, BMI does not distinguish between fat mass and other
tissue types (e.g., lean mass), between visceral and subcutaneous fat masses, or between different anthropometric fat
distributions.17 Reliance on BMI rather than more nuanced
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