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ABSTRACT

BACKGROUND: Obesity, which is common in bipolar disorder (BD), is associated with smaller hippocampal
volumes. We do not know the role of weight/weight gain in relation to longitudinal hippocampal changes among
individuals with BD.

METHODS: In collaboration with the ENIGMA (Enhancing Neuro Imaging Genetics through Meta Analysis)-BD
Working Group, we obtained T1-weighted magnetic resonance imaging and clinical data from 233 participants
with BD and 701 healthy control participants (HCs) scanned twice, 2.84 = 1.63 years apart on average. We
estimated subcortical volumes using FreeSurfer longitudinal image processing stream and used linear mixed
models to assess the bidirectional relationship between baseline body mass index (BMI) or BMI change and
hippocampal volume or volume change. While the hippocampus was our a priori region of interest, we repeated
these analyses in other subcortical regions.

RESULTS: Baseline BMI predicted future hippocampal atrophy, but baseline brain structure did not predict future
weight changes. BMI increased significantly over time (F 1085 = 15.98, p < .001). Individuals with lower baseline BMI
experienced greater weight gain (F; 92> = 105.12, p < .001). Greater weight gain was associated with greater
hippocampal atrophy over time (Fy gg9 = 16.33, p = .001), more so in participants with BD than HCs (F ggg = 6.91,
p = .009). Consequently, lower baseline BMI predicted greater future hippocampal volume loss (F1go4 = 14.77,
p < .001). These associations were not observed in other subcortical regions.

CONCLUSIONS: Our findings suggest that weight gain is a modifiable risk factor for hippocampal atrophy, espe-
cially in individuals with lower BMI and those with BD. Prevention of weight gain in general, but especially in people
with BD, could provide neuroprotective benefits.

https://doi.org/10.1016/j.biopsych.2026.01.020

Obesity is among the most expensive public health chal- worldwide have doubled among adults and quadrupled in
lenges, with its projected economic impact reaching 4.32 adolescents (2). These rates are expected to continue rising in
trillion dollars by 2035, comparable to the global expenditure low- and middle-income countries and to double in high-
of the COVID-19 pandemic (1). Since the 1990s, obesity rates income countries (3). Certain populations are especially
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vulnerable to obesity, such as individuals with bipolar disorder
(BD), who are 3 to 5 times more likely to become obese
relative to the general population (4). A recent large study
confirmed that individuals with BD have higher average body
mass index (BMI), higher rates of obesity, and steeper BMI
increase over time compared with healthy control participants
(HCs) (5). Regardless of the many reasons for the higher
obesity rates in BD (e.g., medications, symptoms, genetic
overlap, common risk factors), it remains key to study what the
combined presence of BD and obesity means for the future
development of relevant health outcomes.

The impact of obesity on medical health is generally well
recognized. Obesity or obesity-related ilinesses are among the
leading contributors to both mortality and disability (6,7).
However, it is much less acknowledged that the brain is one of
the targets for obesity-related structural and functional
changes long before the onset of macrovascular complica-
tions such as stroke. Midlife obesity is one of the strongest risk
factors not only for vascular dementia but also for Alzheimer’s
disease (8-10). More specifically, obesity is linked to lower
cortical thickness/subcortical volumes and worse cognitive
functioning even when controlling for other cardiovascular risk
factors (11-16). These effects of obesity on brain structure and
function are worrisome in general, but especially in people
with BD, where obesity may interact with brain alterations
specific to the psychiatric disorder. Both obesity and BD are
linked to brain changes in many of the same regions, including
the hippocampus (15,17-22). Large-scale studies have shown
that in these overlapping regions, obesity adds to the effects
of BD, such that individuals with both conditions have more
pronounced brain changes than those with one or none
(23,24).

However, most of these findings come from cross-sectional
studies, and while informative, they cannot determine the
temporal direction of associations. It is possible that certain
brain alterations may predispose individuals to obesity
through heightened impulsivity (25,26), hypothalamic-
pituitary-adrenal axis dysregulation (27), or reward signal
disruption (28,29). Conversely, it is possible that weight or
weight gain could contribute to subsequent brain changes
through chronic low-grade inflammation (30), astrocyte acti-
vation (31), glutamatergic excitotoxicity (32), insulin resistance
(33-35), mitochondrial dysfunction/oxidative stress (36,37),
hypercortisolemia (38), microangiopathy (39), etc. While
observational longitudinal studies cannot determine causality,
they can inform us about temporality, i.e., what came first,
whether brain alterations or obesity.

Prospective brain imaging studies, including the largest
reported to date, have shown that BD is associated with
changes in the brain longitudinally (40). However, it remains
unclear whether, and to what extent, obesity contributes to
brain atrophy in individuals with BD. A single study demon-
strated that clinically significant weight gain was linked to
volume loss in several brain regions and to lower structural
integrity of the hippocampus in first-episode mania (41,42).
However, no studies have tested both possible directions of
the association, i.e., brain structure predicting future weight
gain or weight predicting future brain changes.

In addition, prior studies of BD or obesity have typically
explored associations across many brain regions of interest
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(ROls). While exploratory analyses help identify patterns and
develop new hypotheses, there is now enough evidence for a
priori selection of ROIs. It is well known that certain brain re-
gions are more susceptible to external or internal factors than
others. The hippocampus is a particularly plastic region, which
is highly sensitive to allostatic load (i.e., adaptations to various
environmental challenges) (38,43-45). Smaller hippocampal
volumes are associated with many neuropsychiatric disorders,
including BD (21,22), as well as metabolic alterations,
including obesity (15,17-20). Therefore, the hippocampus is
an optimal a priori region for investigating the effects of BD
and obesity.

Here, we attempted to address these methodological
considerations and knowledge gaps. To better understand the
temporal sequence of associations between obesity and brain
changes, we performed a longitudinal study. Collaboration
with the ENIGMA (Enhancing Neurolmaging Genetics through
Meta Analysis) consortium allowed us to compile a large
sample of almost a thousand participants recruited across 13
sites globally. This provided a generalizable snapshot of BD
and increased our statistical power to test the independent
and interactive effects of both BD and obesity. To facilitate
interpretation, we chose the hippocampus as our a priori ROI.
Our primary research question was whether baseline BMI or
greater weight gain predicted greater hippocampal atrophy
over time or whether baseline hippocampal volume predicted
greater future weight changes.

METHODS AND MATERIALS

This project was conducted in partnership with the ENIGMA
Bipolar Disorder and BMIx Working Groups (23,40,46,47). See
Table S1 for detailed site info and Table S2 for site exclusion
criteria. All sites obtained approval from their ethics review
board before contributing data.

Data Collection

Brain Imaging. Three-dimensional volumetric T1-weighted
anatomical brain images were acquired at each site (see
Table S3 for acquisition parameters). Because the study was
longitudinal, participants underwent baseline and follow-up
investigation at each site using the same protocol and scan-
ner. ENIGMA-standardized image processing, quality control,
and data extraction tools were applied as in a previous lon-
gitudinal study from the consortium (40) (see methodological
details in the Supplement). Briefly, FreeSurfer (48-51) was
used at each site to perform subcortical segmentations at
each imaging time point. Images were processed with the
longitudinal image processing stream implemented in Free-
Surfer (version 5.3 or higher) (52). We included volumetric
measures of the following subcortical structures: the nucleus
accumbens, amygdala, hippocampus, pallidum, putamen,
caudate, thalamus, and lateral ventricles, along with mean
cortical thickness.

Visual quality controls were performed on an ROI level
aided by the ENIGMA-standardized visual inspection guide
including pass/fail parcellation examples, all of which are
publicly available (https://github.com/ENIGMA-git). Although
imaging data was collected using different scanners, we
controlled for site differences by including the random effect
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of site in our statistical models, similar to other previous
ENIGMA studies (24,47).

Covariates. In addition to neurostructural phenotypes, we
also collected the ENIGMA wave 1 covariates including diag-
nosis (Dx); age; sex (female/male); current treatment with lithium
(Li), antiepileptics, generation | antipsychotics, generation I
antipsychotics, or antidepressants; age of onset of Dx; history of
psychosis; scanning site (where participants were scanned);
and participant mood state at the time of the scan (euthymic,
depressed, manic). We also obtained BMI for all individuals as it
is an easily accessible measure of obesity. We did not have the
exact date on which BMI was measured at each individual site.
While weight fluctuations within days add a small amount of
random noise, the within-subjects design with years between
the scans and the large sample size help alleviate this issue.
Serum biomarkers or other measures of obesity were not
consistently available across the sites and could not be used.

Statistical Analysis

Statistical analyses were completed using R (53). For linear
regression models, we used linear mixed models (package
nlme, version 3.1-162). All model specifications are outlined in
the Supplement (R Model syntax). All models controlled for
random effects of data collection site. Models with repeated
measures also controlled for random effects of participant and
hemisphere. Any changes were calculated as follow-up minus
baseline (time 2 minus time 1).

We compared clinical and demographic measures in the
groups (BD vs. HC) using independent samples t tests for
continuous variables and 2 tests for categorical variables. In
a within-subjects/repeated-measures multiple regression
analyses, we compared BMI at baseline and follow-up while
controlling for interval, Dx, age, and sex.

To test our specific hypotheses, we first determined
whether baseline brain structure predicted future weight gain.
To this end, we tested whether baseline hippocampal volumes
interacted with interval to predict change in BMI (dependent
variable), while adjusting for baseline BMI, Dx, age, and sex.
Next, we tested whether baseline BMI predicted future brain
changes. Specifically, we tested whether baseline BMI inter-
acted with interval to predict future changes in hippocampal
volume (dependent variable), while adjusting for baseline
volume, Dx, age, sex, hemisphere, and total intracranial vol-
ume (ICV). This model first included a 3-way interaction be-
tween baseline BMI, interval, and Dx, which was removed if
nonsignificant. As hippocampal volume changes were our a
priori target, we reported nominal p values for this region.
Even though we expected to find a positive association be-
tween baseline BMI and hippocampal atrophy, we used a 2-
tailed threshold to remain conservative and because 1-tailed
tests are generally discouraged. To study the specificity of
obesity-related changes to the hippocampus, we subse-
quently repeated the analyses described above for the other 7
subcortical regions (nucleus accumbens, amygdala, pallidum,
putamen, caudate, thalamus, and lateral ventricles) and for
cortical thickness. For these exploratory analyses, we re-
ported false discovery rate-adjusted p values to control for
multiple comparisons across regions.

Biological
Psychiatry

Analyses focusing on baseline measures as predictors of
future outcomes are clinically relevant and mimic a clinical
assessment focusing on prognostic markers. This also fits
with our initial strategy to test whether baseline brain structure
predicted future weight gain or whether baseline BMI pre-
dicted future brain change. The unique benefit of a longitudinal
study is that it also allows us to study dynamic predictors, i.e.,
to investigate the association between BMI change and brain
changes. This is complementary to using baseline measures
and informs interpretation/provides more mechanistic explana-
tion of any changes. Consequently, we tested whether 1)
baseline BMI predicted change in BMI while adjusting for age,
sex, Dx, and interval and 2) whether change in BMI or its
interaction with Dx predicted change in hippocampal volume
while adjusting for baseline BMI, baseline volume, interval, age,
sex, and ICV. To gain a better understanding of the effects of
baseline BMI, we also included a cross-sectional analysis of
baseline hippocampal volume, predicted by baseline BMI and
its interaction with Dx, while adjusting for age, sex, and ICV.

We considered potential confounding of our results by
relevant clinical variables, including medications and mood
state. Consistent with previous ENIGMA studies (23,24,46),
we tested the association between the number of jointly
used medication classes (0-3 including antipsychotics [first
or second generation], anticonvulsants, and antidepressants)
and baseline BMI (adjusting for age and sex), change in BMI
(adjusting for age, sex, baseline BMI, and interval), or change
in subcortical volume (adjusting for age, sex, baseline BMI,
change in BMI, baseline volume, ICV, and interval). In the
same models, we separately estimated the effects of current
Li treatment. The decision to analyze Li separately was
motivated by Li’'s predominantly showing a positive associ-
ation with subcortical volumes (22,54), whereas antipsy-
chotics and anticonvulsants are predominantly negatively
associated (24,55-57). In separate analyses, we also tested
the associations between specific medications treated as
separate predictors in the same model, with baseline BMI,
change in BMI, or subcortical volume.

Lastly, we tested whether BMI change was predicted by
mood state while adjusting for age, sex, interval, and baseline
BMI. We also tested whether hippocampal volume change
was predicted by mood state while adjusting for age, sex,
baseline hippocampal volume, ICV, and interval.

RESULTS

Sample

We included 934 participants (233 with BD) from 13 data
collection sites. The two visits for each participant were 2.84
years apart on average (SD = 1.63). Participants with BD were
significantly younger, with higher BMI and greater rates of
obesity (see Table 1 and Table S1). Between baseline and
follow-up, BMI increased by 0.22 points per year (SD = 1.15;
F11085 = 15.98, p < .001), while the rate of change did not
differ between the groups (F1,934 = 0.18, p = .669).

What Comes First: Brain Changes or Obesity?

While baseline hippocampal volume did not predict future BMI
change (F1g0s = 0.12, p = .727), baseline BMI did predict
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Table 1. Sample Description: Demographic and Clinical
Characteristics of Participant Groups at Baseline

Control,
BD, n = 233 n =701 Group Difference
Age, Years 37.26 (14.00) 42.12 (17.52)  tg3, = 3.85, p < .001
Sex, Female 100 (42.9%) 284 (40.5%) %% =0.32, p = .569

( (
( (
Interval, Years 3.72 (2.08) 2.55 (1.33) toas = 9.96, p < .001
( (
( (

Baseline BMI 26.47 (5.71)  24.40 (4.17)  tgsp = 5.94, p < .001
Annual BMI 0.24 (1.25) 0.22 (1.13) -
Change

Baseline BMI Categories

Normal 117 (50.2%) 436 (62.2%) %% = 26.49, p < .001
Overweight 71 (30.5%) 211 (30.1%)
Obese 45 (19.3%) 54 (7.7%)
Age of Onset, 22.73 (10.07) - -
Years
Diagnosis, BD-II 79 (33.9%) - -
Mood State
Depressed 48 (21.4%) - -
Euthymic 157 (70.1%) - -
Manic 15 (6.7%) - -
Mixed 4 (1.8%) - -
Medications
Antidepressant 75 (32.3%) - -
Anticonvulsant 85 (36.6%) - -
Antipsychotic, 19 (8.2%) - -
G1
Antipsychotic, 95 (51.9%) - -
G2
Lithium 83 (36.1%) - -

Values are presented as mean (SD) or n (%). Medication information reflects
treatment at baseline.

BD, bipolar disorder; BMI, body mass index; G1, first generation; G2, second
generation.

future hippocampal volume decrease (atrophy). Specifically,
those with lower baseline BMI demonstrated greater hippo-
campal loss at longer intervals (Fq 904 = 14.77, p < .001) (see
Figure 1). There was no Dx X BMI X interval interaction
(F1,004 = 1.58, p =.210) and no main effect of BD (F4 904 = 0.42,
p =.518).

Weight Gain-Related Changes

Lower baseline BMI predicted greater BMI increase between
the two scans in both groups (Fy900 = 105.12, p < .001)
(Figure 2A). In a model containing both baseline BMI and BMI
change, only greater BMI increase predicted greater hippo-
campal atrophy over time (Fy gg9 = 16.33, p = .001), and this
effect was more pronounced in participants with BD (F4 gog =
6.91, p = .009) (Figure 2B).

Baseline BMI Versus Baseline Hippocampal
Volume

In the cross-sectional analysis, there was a significant
association between higher baseline BMI and smaller baseline
hippocampal volume, which was more pronounced in
individuals with BD than in HCs (F; o917 = 3.97, p = .047).

1016
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Figure 1. Change in hippocampal volume predicted by an interaction
between baseline body mass index (BMI) and interval between the scans.
Lower baseline BMI predicts greater hippocampal atrophy (in mm?®) over
time than higher baseline BMI. While in the statistical model, BMI was
treated as a continuous variable, to provide a clearer visualization, we
divided baseline BMI into quantiles. The numbers (20.21, 24.9, 29.59)
represent the 25%, 50%, and 75% percentiles of the BMI distributions in
our study population, respectively. Confidence intervals for each are
depicted in respective colors.

Exploratory Analyses

Baseline volume of any subcortical region or cortical thickness
did not predict future change in BMI (see Table 2). Similarly,
baseline BMI did not predict future changes in any other
subcortical regions or in overall cortical thickness (see
Table 3).

Influence of Clinical Variables

Most participants with BD were treated with polypharmacy
(85%). Number of medication classes (0-3, including anti-
psychotics, anticonvulsants, and antidepressants) was asso-
ciated with higher baseline BMI (F; 221 = 3.94, p = .048), and
higher BMI increase between scans (Fy 211 = 12.30, p < .001),
but was not significantly associated with any subcortical vol-
ume changes for any region. Treatment with Li was not
significantly associated with baseline BMI (F5,221 = 0.05, p =
.819), change in BMI (F2,220 = 0.14, p = .713), or hippocampal
atrophy (F1 205 = 2.01, p = .157).

When we modeled each medication class as a separate
predictor, none were significantly associated with baseline
BMI. Antidepressant use was associated with greater BMI
increase over time (see Table S4). However, antipsychotic
(F1203 = 0.70, p = .405), anticonvulsant (F1 203 = 0.32, p =
.569), antidepressant (F; 203 = 0.52, p = .471), and Li (F1 203 =
2.23, p = .138) use were not significant predictors of hippo-
campal atrophy.

Mood state did not predict change in BMI (F1,195 = 0.86, p =
.463) or hippocampal atrophy (F1 197 = 1.03, p = .381).
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Figure 2. Associations with body mass index

Group (BMI) change. (A) Association between BMI and
] Control BMI change. Lower baseline BMI was associated
= 8D with greater weight gain, while adjusting for age,

sex, and diagnosis. (B) Weight gain-related hippo-
campal atrophy stratified by diagnosis. The asso-
ciation between BMI increase and hippocampal
atrophy was significantly more pronounced in par-

R ticipants with bipolar disorder (BD) than in control
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DISCUSSION

Baseline BMI predicted future hippocampal atrophy, while
baseline brain structure did not predict future change in
weight. More specifically, lower baseline BMI predicted
greater future decrease in hippocampal volume. This initially
surprising effect of baseline BMI was explained by weight
gain, as lower baseline BMI was associated with future weight
gain, and weight gain between the scans was a stronger
predictor of hippocampal atrophy than baseline BMI. While
the association between BMI increase and hippocampal vol-
ume decrease was evident in both groups, it was more pro-
nounced in individuals with BD than in HCs. Taken together,
these findings demonstrate that weight gain was a risk factor
for hippocampal atrophy, especially in individuals with low to
normal BMI and those with BD.

Even though a longitudinal study does not prove causality,
it does demonstrate temporality. Here, we showed an asso-
ciation between baseline BMI and future brain changes but
not between baseline brain structure and future weight gain.
This is consistent with Mendelian randomization studies that
suggest that obesity causes brain alterations rather than the
opposite (i.e., brain changes lead to obesity) (58-60). The di-
rection from obesity to brain changes is further supported by
weight loss studies, which suggest reversibility. Our results
mirror the replicated evidence of associations between weight

Table 2. Baseline Brain Structure Predicting Future BMI
Changes

Region Estimate (SE)

51 %x107%(9.7 x 10~

Significance, pepr
F1008 = 0.27, p = .690

Lateral Ventricles

Thalamus 29x107° (4.3 x 10" F1g41 = 0.46, p = .690
Caudate 1.6 X 107°(8.5 X 10~ Fi0s = 3.74, p = .141
Putamen Figsa =4.21, p =.141
Pallidum 2.8 X 107%(1.5 x 10~ Figse = 3.14, p = .154

3.3x107%(9.6 X 10~
1.1 X 1074 (2.0 X 10~ F1.900 = 0.28, p = .690

9.0 (0.45) F1905 =3.99, p = .141
Interaction between baseline regions of interest and interval in predicting

changes in BMI, while adjusting for age, sex, diagnosis, and baseline BMI.
BMI, body mass index; FDR, false discovery rate.

Hippocampus

%
%)
%)

11 X 107° (5.4 X 1079
4
)
5 Fyges=0.12,p =.727
)

Amygdala
Cortical Thickness

0
BMI change

20

loss following bariatric surgery and increases in hippocampal
volumes (61,62). While these studies focused on extreme
obesity (average BMI of 41.4 across the studies) and sub-
stantial weight fluctuations (with a BMI reduction of up to
14.9), we were still able to detect hippocampal volume
changes in a sample with an average yearly BMI increase of
0.22 points. Taken together, these results suggest a causal
effect of weight gain on brain changes.

While the finding that lower baseline BMI predicted greater
hippocampal atrophy initially seemed surprising, the associa-
tion between low baseline BMI and greater weight gain
mechanistically explained it. In a model containing both
baseline BMI as well as BMI change, only BMI change was
associated with hippocampal atrophy. Thus, the effect of
baseline BMI on hippocampal atrophy was primarily driven by
longitudinal weight change, with no additional contribution of
the baseline BMI. Furthermore, in cross-sectional analyses,
higher baseline BMI predicted lower baseline hippocampal
volume. This further supports our conclusion that low baseline
BMI is simply a proxy for weight gain and not damaging in it-
self. Taken together, these results strengthen our conclusions
that weight gain, rather than baseline weight, was the critical
factor here.

Table 3. Baseline BMI Predicting Future Brain Changes

Region Estimate (SE) Significance, prpr
Lateral Ventricles —5.93 (4.29) Fi914=1.90, p = .369
Thalamus 1.07 (1.16) F1,842 = 0.85, p = .477
Caudate 0.84 (0.68) Fi.900 = 1.52, p = .369
Putamen 1.27 (0.88) F1890 =2.10, p = .369
Pallidum 0.03 (0.34) F188s = 0.01, p =.933
Hippocampus 2.16 (0.56) Fi904a = 14.77, p = .0017
Amygdala —0.29 (0.36) Fy,906 = 0.64, p = .484

Cortical Thickness 0.00028 (0.00023) Fio11 =147, p = .369

Interaction between baseline BMI and interval in predicting changes in ROI
volume, while adjusting for age, sex, diagnosis, baseline ROI volume, and total
ICV. See Figure 1 for visualization of the hippocampal results.

BMI, body mass index; FDR, false discovery rate; ICV, intracranial volume;
ROI, region of interest.

4The hippocampal volume changes were significant even after correction for
multiple comparisons.
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A single previous longitudinal study in the general popula-
tion in individuals with higher average baseline age (63 years)
and higher average baseline BMI (26.51) but minimal change
in BMI over time found that higher baseline BMI was associ-
ated with lower baseline hippocampal volume and greater
hippocampal atrophy (an additional 0.2% hippocampal atro-
phy per unit of BMI) over the 8-year follow-up (63). In a
younger population, such as in our study, many individuals
gain weight but have not been exposed to the long-term ef-
fects of obesity. In contrast, older participants may no longer
gain that much weight but have likely been exposed to obesity
and a growing number of obesity-related comorbidities for
extended periods of time. Therefore, we would expect to see a
greater effect of weight gain in a younger population and a
greater effect of obesity in an older population. Regardless of
these differences, the results converge on negative associa-
tions between either weight or weight gain and hippocampal
volume.

Our results are consistent with prior cross-sectional studies
of a negative association between higher weight and smaller
hippocampal volumes in the general population (15,19,20,63).
Similar to our findings, Bond et al. (64) found an association
between BMI and lower hippocampal integrity (as measured
by N-acetylaspartate [NAA]) in BD. Previous longitudinal
studies also converge with our results. Specifically, clinically
significant weight gain was associated with atrophy in the
temporal lobes (middle temporal gyrus), which was more
pronounced in participants with BD than in HCs (41) and with
lower hippocampal NAA in both participants with BD and HCs
(42). More broadly, another study also demonstrated an as-
sociation between weight gain and hippocampal atrophy in
people with first-episode psychosis (65).

We can only speculate about the mechanism underlying the
potential effects of obesity on the brain. These include chronic
low-grade inflammation (30), astrocyte activation (31), gluta-
matergic excitotoxicity (32), insulin resistance (33-35), mito-
chondrial damage/oxidative stress (36,37), hypercortisolemia
(38), and microangiopathy (39). In people with BD, these
mechanisms may be amplified by additional BD-related fac-
tors, such as episodes of illness that may impact the brain via
similar mechanisms (66). This could explain why the effect of
BMI change was more pronounced in individuals with BD than
in HCs. Many of these mechanisms may be particularly
damaging to the hippocampus, which has some of the highest
levels of glucocorticoid receptors in the brain, is highly vas-
cularized, and has a very high metabolic demand relative to
other brain regions (38,43-45). These characteristics could
underlie the greater sensitivity of hippocampus to the effects
of weight gain.

Lower baseline BMI as a risk factor for future weight gain—
related hippocampal atrophy has significant clinical implica-
tions. Our results emphasize prevention of weight gain,
especially in people with BD, who showed a stronger asso-
ciation between BMI increase and hippocampal atrophy. Low
to normal baseline BMI is also a risk factor for medication-
related weight gain (67,68). Unlike other such risk factors,
baseline BMI can be measured even before medications are
started. Therefore, limiting prescriptions of obesogenic
medications and emphasizing the use of more weight-neutral
options (69) in people with low to normal BMI could help

Weight Gain and Hippocampal Atrophy in Bipolar Disorder

postpone or reduce weight gain, which in turn could also help
preserve brain structure. Li, which may be neuroprotective (70)
and has lower propensity for weight gain than antipsychotics
(71), may be preferred when appropriate. If prevention is not
possible, clinicians could consider pharmacological treat-
ments such as metformin or novel GLP-1 agonists, which have
unprecedented efficacy in managing weight. These results
may also have implications for understanding and managing
memory impairments, which are common in BD and closely
linked to hippocampal atrophy.

The current study has important research implications.
Given our findings and the increasing rates of obesity, it is
critical in future studies of hippocampal volumes to control for
BMI or weight gain, especially if the focus is on individuals
with severe mental illness (SMI). Furthermore, the common-
alities across SMls in brain imaging findings, including hip-
pocampal atrophy, which have puzzled researchers, could be
explained by the shared presence of obesity across many
psychiatric conditions. Through studying the mechanisms of
brain changes related to weight gain, we could also gain
insights into processes underpinning neuroprogression (72).

Our study has the following limitations. Anthropometric/
metabolic markers, lifestyle factors, more detailed clinical in-
formation, and cognitive measures are not widely available
from the ENIGMA collaborating sites, so we were unable to
include those in our analyses. Our results did not appear
confounded by medication use because most of our sample
comprised HCs, and among participants with BD, there was
no association between medication and hippocampal volume
change. At the same time, the sensitivity to detect effects of
medications on the brain might have been reduced by the fact
that details about dosage, duration, and compliance were not
available. It may not be obesity/weight gain that causes these
changes but rather some metabolic alterations or other factors
that are closely linked to obesity/weight gain, such as diet,
sleep quality, or patterns of physical inactivity. Even if this
were the case, obesity is still much easier to measure and thus
more clinically applicable.

Our study has several strengths including the focus on a
highly prevalent factor that has been ignored in most previous
literature —the relatively large sample (nearly a thousand par-
ticipants), which is uncommon in neuroimaging studies,
especially longitudinal studies. The longitudinal design
allowed us to understand the temporal directionality and to
study both static and dynamic predictors, i.e. baseline BMI
and BMI change. Study participants were recruited at 13 sites
globally and thus are generalizable and represent a broad
snapshot of BD around the globe, including people of different
ancestries, cultural habits, and other factors. Aside from
providing new results, we replicated many previously reported
associations.

Conclusions

Our findings suggest that while brain structure did not predict
future weight changes, baseline BMI and weight gain did
predict future hippocampal atrophy. Specifically, hippocampal
atrophy was most closely linked to weight gain, which was
most likely in people with lower baseline BMI. Maintaining
healthy weight and preventing weight gain may protect the
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hippocampus, especially in people with BD. Future studies
should link these longitudinal changes in the hippocampus to
future changes in cognition and should study the impact of
weight loss medications such as GLP-1 agonists on the brain
and cognitive functioning.
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