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MRI studies in bipolar disorder (BD) have yielded inconsistent findings, partly due to the varied use of psychotropic medications. This
study utilised a mega-analysis approach, accounting for concurrent medication status (syndrome-based and Neuroscience-based
Nomenclature (NbN) classifications), in order to assess the association of medication status with subcortical brain volumes in BD. Data
from 2,664 BD patients and 4,065 controls (CN) were pooled from 34 research groups as part of the ENIGMA Bipolar Disorder Working
Group. Standardized ENIGMA protocols were used to measure subcortical brain volumes. Linear-mixed-effects regression evaluated the
association between psychotropic medications and subcortical volumes, and moderation analyses explored interactions. Medication-free
patients (n= 410) showed mild ventricular enlargement (d= 0.07) and increased putamen volume (d= 0.06) compared to CN. Patients
taking psychotropic medications exhibited smaller subcortical volumes (d= -0.06 to -0.11) and larger ventricles (d= 0.11 to 0.19). Use of
antiepileptic and antipsychotic medications was associated with smaller hippocampal and thalamic volumes (d= -0.07 to -0.14), while
NbN classification indicated that the categories of ‘valproate’ and ‘dopamine and other monoamine receptor antagonists’ are key
variables when considering volume differences between BD and CN. Concurrent lithium use weakened the negative association between
antiepileptic use and hippocampal volume (β= 0.19, q= 0.038) in patients. Medication status is associated with altered subcortical brain
volumes in BD. The NbN classification provides a useful framework for future studies, emphasizing the need for comprehensive
longitudinal research to further unravel complex clinical-pharmacological-neurobiological interactions in BD.
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INTRODUCTION
Neuroimaging studies of bipolar disorder (BD) have reported
volumetric alterations in various subcortical brain regions, but

results are inconsistent, likely due to clinical and methodological
heterogeneity, as well as underpowered sample sizes [1]. Among
the more consistent differences to be documented in prior meta-
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analyses and large-scale mega-analyses of subcortical volumes are
larger ventricles and smaller hippocampal and thalamic volumes
[2, 3] in patients with BD relative to controls (CN).
Studies have varied in the neuroimaging processing, statistical

methodology, and analysis techniques used and in the choice of
brain volumes assessed. These differences have led to discrepan-
cies in the reported patterns of alterations in brain structure and
function. International clinical research collaborations such as the
Enhancing Neuro Imaging Genetics through Meta-Analysis
(ENIGMA) Consortium can overcome some of these limitations
by pooling data and applying standardized processing pipelines
to maximize sample size and diversity [1]. The ENIGMA Bipolar
Disorder Working Group (ENIGMA-BD) was formed in 2012 and
has published the largest neuroimaging studies of BD to date [4],
pooling existing neuroimaging samples to build the most
geographically diverse samples of BD and CN, leading to more
ecologically valid cohorts that are more likely to generalize to
patient populations.
Patients with BD are commonly prescribed more than one

psychotropic medication. A key consideration when reviewing
prior literature on neuroanatomical alterations in BD is the extent
to which the concurrent use of psychotropic medications, such as
lithium (Li) and antipsychotics (AP), may influence these brain
differences. Preclinical and clinical studies suggest that Li may
have neurotrophic effects [5], whereas AP medications have been
associated with smaller gray and white matter volumes [6–8].
Supporting this, Hajek et al. [9] demonstrated that BD patients on
Li had larger total hippocampal volumes compared to those not
taking Li, a finding consistent with several other studies [2, 10–14].
Similarly, our prior ENIGMA-BD analyses showed that patients
taking Li had a widespread pattern of thicker cortex and larger
thalamic volumes compared to those not taking Li [3, 15].
Deciphering the impact of psychotropic medications on brain

anatomy in vivo however, is further potentially complicated by
interacting effects of illness severity and duration, polypharmacy,
genetic and environmental risk factors, obesity, and substance
misuse [16, 17]. Furthermore, prior studies have used the
traditional syndrome-based classification of psychotropic drugs
which uses nomenclature such as antidepressants (AD) and
antiepileptic mood stabilizers (AED), as opposed to classifications
that reflect the underlying neuropharmacological mechanism of
action of these compounds (e.g., primarily dopamine receptor
antagonists), which may provide more predictive power when
modeling their associations with brain volume variations. The
European College of Neuropsychopharmacology has created such
a pharmacologically-driven classification system, the
Neuroscience-based Nomenclature (NbN), with the goal of moving
away from syndrome-based classification to a pharmacologically
driven classification [18].
Given the significant role of subcortical limbic structures in BD

and our previous ENIGMA-BD meta-analysis findings, we aimed to
elucidate the associations between psychotropic medication
status and subcortical brain structure in an expanded cohort
(56% larger than in previous analyses [3]). To address the
complexities of medication effects, we employed both traditional
syndrome-based classifications and the NbN approach, which
considers the pharmacological mechanisms of action. We
focussed primarily on medication status and its associations,
while accounting for potential confounds, including concurrently
prescribed psychotropic medications, and incorporated detailed
medication information. We hypothesized that BD patients taking
different classes of psychotropic medications would show distinct
patterns of subcortical volume alterations compared to controls
and to those not taking such medications, and that these patterns
would further differ based on the pharmacological mechanisms of
action. Given the role of subcortical structures in mood regulation
and BD pathophysiology [19], a richer understanding of these
associations is critical for developing better clinical interventions.

It is important to note that a true causal relationship between
medication status and brain structural variation cannot be
definitively established from cross sectional observational studies
such as this. Brain morphometric variation may be a cause rather
than a consequence of medication selection and large scale
randomised clinical trials would be necessary to disentangle the
direction of effect. Nevertheless, identifying morphometric asso-
ciations with medication status could provide valuable insights
into potential mechanisms underlying psychotropic medications
and their associations with brain structure and function.
The specific research questions addressed were:
1. Do subcortical volumes of patients with BD taking no

medications and of those taking one or more concurrent
psychotropic medications differ from CN?
2. Are subcortical brain volumes associated with medication

status, when classified based either on traditional syndrome-based
categories or on their pharmacological mechanisms of action,
when comparing patients with BD taking a specific medication
class to CN or to patients who are not using the specific
medication class?
3. Does taking Li interact with taking other psychotropic

medications to influence subcortical brain volume?
4. Does medication status moderate the association between

clinical indicators of illness course and subcortical volumes?

METHODS & MATERIALS
Participating sites
We included ENIGMA-BD samples from 34 independent sites for
this project (Supplementary Table 1), comprising 6,729 partici-
pants (2,664 BD patients and 4,065 CN). Of the 2,664 BD patients,
medication status was unavailable for 251 participants. Each
participating site obtained approval from an institutional review
board or local ethics committee. All study participants completed
informed consent documents prior to their original participation.
Supplementary Table 2 provides the instruments used to obtain
diagnosis and clinical information for each site. Supplementary
Table 3 lists exclusion criteria for study enrolment. Most studies
did not exclude comorbidities, other than substance abuse. All
procedures contributing to this work comply with the ethical
standards of the relevant national and institutional committees
and all methods were performed in accordance with the relevant
guidelines and regulations.

Data acquisition and parcellation
Structural 3D T1-weighted brain MRI scans were acquired at each
site. Detailed information on scanner sequence and acquisition
parameters are presented in Supplementary Table 4. All sites used
the same ENIGMA-standardized analytical protocols documented
at: http://enigma.ini.usc.edu/protocols/imaging-protocols/. These
protocols are standardized across the ENIGMA Consortium, are
open-source, and are freely available online in order to foster open
science, replication, and reproducibility. The protocols have been
applied in prior publications by ENIGMA-BD [3, 17, 20], and more
broadly across the ENIGMA Consortium [1]. Briefly, FreeSurfer was
used to derive volumes of eight subcortical regions (lateral
ventricles, nucleus accumbens, amygdala, hippocampus, pallidum,
putamen, caudate nucleus, and thalamus), per hemisphere (left
and right), based on the FreeSurfer subcortical atlas [21]. Each
site’s data underwent a rigorous quality control process, which
included the exclusion of images with significant artifacts or poor
quality, and the standardization of preprocessing steps, such as
skull stripping, spatial normalization, and intensity normalization.
Bilateral brain volumes were used to index brain structure of each
region, by deriving an average volume from both hemispheres.
Volumes from one hemisphere occasionally failed the quality
control stage. In these cases, we instead used the volumes that
were present for the other hemisphere to minimise data loss. For
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transparency, we also conducted a posteriori analysis of left and
right hemisphere volumes separately to ensure consistent findings
across both hemispheres for the primary analyses. Measures of
total intracranial volume (ICV) were computed to standardize
volume estimates. A description of image and volume segmenta-
tion quality control is presented in Supplementary Note 1.

Categorisation of medications
Medications used at the time of scan were first categorised using
the traditional, syndrome-based classes (i.e., Li, AP, AD, AED). We
combined first- and second-generation AP because this dichot-
omy is not currently justified pharmacologically [22], and they
have similar associations with reduced brain volumes in primate
models [23]. Subsequently, we used more detailed named
medication information to reclassify medication class by their
pharmacological domain and mechanism of action using the
Neuroscience-based Nomenclature (NbN), described here: https://
nbn2r.com/ and in Supplementary Note 2 and Supplementary
Tables 5a-c. This resulted in a final set of 10 NbN-based categories
(Supplementary Table 5c). AP were recoded into three NbN
categories: primarily dopamine receptor antagonists, dopamine
and other (serotonin-norepinephrine) monoamine receptor
antagonists, and dopamine, serotonin receptor partial agonist/
antagonists. AD were recoded into two NbN categories: those
targeting primarily serotonin (reuptake inhibitors - multimodal)
and those targeting serotonin and other monoamines with
different mechanisms of action. AED were recoded into glutamate,
sodium/calcium channel blockers and valproate. Both Li and
valproate were placed in their own individual NbN categories
because their mechanism of action remains unclear. Anxiolytics
and hypnotics were recoded into the category GABA positive
allosteric modulators. Psychotropic medications for which the
mechanism of action is either still unclear or the drug is not yet
listed in NbN were recoded in an “Other” category and were not
included in the analyses because of the multiple medications
included with diverse mechanisms of action. Considering that Li
was analysed in the traditional medication classification, this was
not repeated for the NbN analysis. Thus, the NbN analysis was
conducted on the remaining 8 categories.

Statistical analysis
All individual-level subcortical volume, clinical and demographic
data were pooled centrally to perform a ‘mega-analysis’ compar-
ing subcortical and ventricular volumes between BD and CN. We
used linear mixed modelling (package lme4, version 3.1-152 in R
([24], version 4.1.1) to examine associations between subcortical
volumes and pharmacological treatment. We opted to use linear
mixed models as they allow for both fixed and random effects and
are powerful when dealing with hierarchically structured data. In
addition, linear mixed models are robust in handling missing data
and unequal group sizes, and allowed for including site as a
random effect to account for residual variance attributable to site-
specific differences. For these analyses, regional brain volume was
the dependent variable, and each medication class was the
independent fixed factor, with age, sex, ICV and other medications
taken added as covariates. Scan site was included as a random
factor. To initially assess overall medication load, we compared
those taking no medication (N= 410) and those taking one, two
or three or more (any combination) medications at the time of
scan to CN. Next, we ran one model per analysis for each
medication category, such that e.g., ‘Li’ as the independent fixed
factor was replaced with ‘AED’ (and so on), for all traditional
syndrome-based medication categories. Our covariates for each
model were age, sex, ICV and other medications taken. We then
ran individual models for medications reclassified under the NbN
mechanism of action categories. In total, we ran 144 linear mixed
models. As an additional a posteriori analysis, we performed linear
mixed models separately for the left and right subcortical volumes

for the syndrome-based classification to ensure that the findings
were consistent across each hemisphere, and posthoc sensitivity
analyses including propensity score matching to assess the impact
of medication use and polypharmacy on subcortical volumes
when accounting for measures of clinical severity. See Supple-
mentary Note 3 for a detailed description of statistical analysis
techniques.
Moderation analysis was run using PROCESS 4.3.1 [25] in the

bruceR package (version 2023.9) to assess whether the observed
significant associations described above in patients (i.e. of each
medication class on brain volume) were significantly influenced by
Li use when co-prescribed. The moderation analysis was intended
to explore potential interactions rather than establish causality.
We chose to focus on Li as a moderator due to its proposed
neuroprotective effects reported in the preclinical and clinical
literature and due to the results reported in the present study,
with a particular interest in whether concurrent Li use can
attenuate the negative associations of other psychotropic
medications with subcortical volume. In an exploratory analysis,
we examined whether differences in medication status in BD and
clinical course indicators were associated with significant sub-
cortical volumes from the linear mixed models. All analyses were
adjusted for age, sex, and ICV, with data clustering effects across
each site. In each moderation analysis, we controlled for the
effects of medications other than the one serving as the
moderator variable (i.e., when examining the moderating effect
of Li use on the association between AED and subcortical brain
volume, AP and AD were included as covariates in the model).
We corrected for multiple comparisons across all 237 models

(See Supplementary Note 3) using the Storey et al. [26] false
discovery rate (FDR) procedure in the qvalue package (R package
version 2.34.0), whereby q-values < 0.05 were considered statisti-
cally significant. This approach was chosen to control for the
potential inflation of Type I error across a large number of
comparisons and is an extension of the traditional Benjamini-
Hochberg procedure. We considered q-values < 0.05 as the
threshold for statistical significance. By correcting across all
models, we aimed to ensure a robust and consistent control of
false discovery rates across the entire set of analyses. We
calculated effect sizes from the t-statistic (Cohen’s d) and their
95% confidence intervals (CIs) using the effectsize package in R.

RESULTS
Descriptive information on the demographic and clinical variables
of patients divided into medication subgroups is provided in
Table 1. When comparing the entire BD cohort irrespective of
medication status to CN, BD patients displayed enlarged ventricles
and smaller hippocampus, thalamus and ICV (See Supplementary
Figure 1 and Supplementary Table 6). Across all brain regions, less
than 5% of cases were affected by missing data when only one
hemisphere passed quality control (Supplementary Table 7). To
confirm that this minor data loss did not bias results or introduce
asymmetry, we repeated the analyses using linear mixed models
that accounted for both left and right subcortical volumes and
demonstrated similar results (Supplementary Table 8).

Patients with BD taking no medications or on one or more
concurrent medications
BD patients not taking any psychotropic medications at the time
of scan displayed significantly larger ventricular and putamen
volumes, and smaller ICV compared to CN. BD patients taking one,
two, or three classes of psychotropic medication had significantly
smaller hippocampus and thalamus volumes, and larger ventricles
compared to CN, with patients taking two medication classes
displaying the largest effect sizes. Additionally, BD patients taking
two medication classes had significantly smaller amygdala
volumes compared to CN (See Fig. 1, Table 2, Supplementary
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Table 9). After balancing confounders with propensity scoring in a
subsample of participants for whom this detailed clinical
information was available (Supplementary Figure 2), patients
taking two or more medications displayed significantly lower
thalamus and hippocampal volumes than those taking none or
one medication, as well as increased ventricular volume (Supple-
mentary Table 10).

Medications classified by syndrome-based medication
categories
Figure 2 shows effect size estimates for patients with BD taking
each traditional syndrome-based medication category, compared
with CN, after accounting for age, sex, ICV and other psychotropic
medications taken at the time of scan (see also Supplementary
Tables 11-18). Patients taking lithium at the time of scan (Li + ) had
significantly larger ventricular and thalamic volumes compared to
CN which survived FDR correction. Serum lithium levels were
available on a small subset of patients and an ad-hoc analysis did
not find any association between Li+ serum levels and subcortical
volume (Supplementary Table 19). AED+ patients had significantly
smaller hippocampus, thalamus, and putamen volumes, as well as
larger ventricular volume compared with CN. Similarly, AP+
patients had significantly smaller hippocampus and thalamus
volumes as well larger caudate volumes (bilaterally and in the
right hemisphere), along with larger ventricular volumes. AD+
patients had significantly smaller hippocampus volume when
compared with CN.
When directly comparing patients on/off different medications,

Li+ patients had significantly larger thalamic and hippocampal
volumes compared to Li- at the time of scan. AED+ patients had
significantly smaller hippocampus, thalamus, caudate, and puta-
men volumes and larger ventricles compared to AED- patients. AP
+ patients had significantly smaller thalamic volumes compared to
AP- patients (Supplementary Figures 3-6 and Supplementary
Tables 20-23).

Medications classified by NbN mechanism of action
When modelling AED associations by mechanism of action,
patients taking valproate displayed a widespread pattern of
smaller hippocampus, thalamus, and putamen volumes, and larger
ventricular volume compared with CN. In contrast, patients taking
glutamate, sodium/calcium channel-blockers (e.g., lamotrigine)
showed no significant subcortical volume differences compared
with CN. Patients taking GABA-positive allosteric modulators (e.g.,
benzodiazepines) showed greater ventricular volume compared
with CN. In relation to AP, there were no significant differences in
subcortical volumes between patients taking primarily dopamine
receptor antagonists and CN. However, patients taking dopamine
and other monoamine receptor antagonists showed smaller
hippocampal and larger ventricles compared with CN. Further-
more, BD patients taking dopamine-serotonin partial agonists and
antagonists showed larger volume in the globus pallidus, caudate
and putamen. BD patients taking medications primarily targeting
serotonin, as well as those targeting serotonin and other
monoamines did not differ significantly from CN. However,
patients taking drugs primarily targeting serotonin had signifi-
cantly smaller ICV compared with CN (Table 2, Fig. 3, and
Supplementary Tables 24-31). To ensure comparability of results,
demographic and clinical information for those patients on whom
NbN medication categorisation was available are also provided in
Supplementary Table 32, and sensitivity analyses were conducted
by restricting traditional syndrome based medication class
analyses to the subset of patients included in the NbN
classification. Similar effect sizes were found for the majority of
the syndrome based medication categories described above,
although the association between AP+ and smaller thalamic
volume reduced and was not significant in this smaller sample size
(Supplementary Table 33).Ta
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Concurrent medication interactions
For the moderation analysis of concurrent medication adminis-
tration, co-administration of Li significantly weakened the
association of AED with hippocampal volume (β= 0.19,
q= 0.038), explaining 31% of the variance (Supplementary
Figure 6; Supplementary Table 34). No other significant modera-
tion effects of Li on medication status were observed on
subcortical volumes.

Moderating effect of medication class on associations
between illness course indicators and subcortical brain
volumes
Associations of clinical course indicators with subcortical volumes
are shown in Supplementary Table 35 and with medication status
in Supplementary Table 36. More episodes of mood exacerbation,
longer duration of illness, BD subtype I vs II, and early age of onset
were significant, albeit weakly, correlated with smaller subcortical
volume in several brain regions and with psychotropic medication
status. However, the association between illness course variables
and subcortical volumes were not significantly moderated by
medication status (Supplementary Tables 37-44). Psychotropic
medication use showed significant geographical variation (Sup-
plementary Table 45), with the strongest regional differences
observed for Li (higher rates in Europe, lower in North America;
Cramér’s V= 0.21), and smaller but significant effects for AED, AP
and AED use (Cramér’s V= 0.10–0.14).

DISCUSSION
In the largest mega-analytic study of standardized subcortical
brain measures conducted to date, using syndrome-based and
NbN mechanism of action classifications and covarying for
concurrent medication status, we identified various differential
associations between psychotropic medication treatment and
brain volumes in BD patients compared to CN as well as to
patients not taking medications. The associations detected were
subtle, with most effect sizes detected < 0.2. This study primarily
encompassed collection and analyses of detailed medication

information, and detailed clinical information was only available
on a subset of individuals. In this subset, clinical indicators of
illness severity, such as greater number of mood episodes,
psychiatric hospitalisations, longer duration of illness and BD I
disorder were associated with lower subcortical volumes. How-
ever, we did not find evidence of moderating effects of
medication status on the associations of illness severity with
subcortical volumes, suggesting that the observed
medication–volume relationships are not solely explained by
underlying illness severity.
Consistent with prior research [3], BD patients, irrespective of

medication status, exhibited larger ventricles compared to CN. In
patients taking one, two or more psychotropic medications, larger
ventricles, and smaller hippocampal and thalamic volumes were
found in an apparent stepwise fashion, when compared to CN.
These findings may indicate subcortical atrophy in medicated
patients or reflect the cumulative impact of chronic illness or long-
term medication use. Given the observational nature of the data,
these findings are open to indication bias in that patients taking
several medications are more likely to have severe illness or
treatment resistance, which could be associated with subcortical
volume deficit rather than medication use. However, the
propensity score matching analysis in a smaller subsample on
whom clinical information was available is consistent with
polypharmacy being associated with greater volume reductions
of the thalamus, hippocampus and larger ventricular volume even
when patients were matched for markers of clinical severity.
In medication-free patients at the time of scan, larger putamen

and ventricular volumes alongside reduced ICV were observed.
Reduced ICV has been reported previously, particularly in first-
episode BD [27] and early-onset affective psychosis [28] and is
often interpreted as evidence of impaired neurodevelopment.
Larger putamen volume in unmedicated BD is less established but
has been reported in our prior meta-analysis [2], voxel-based
morphometry studies [29], and in individuals at familial or
subsyndromal risk [30]. Additionally, adolescent BD patients,
who generally have lower exposure to medication, have been
observed to have larger putamen volumes compared to age

Fig. 1 Adjusted effect size estimates for BD patients not taking and those taking one or more classes of psychotropic medication at the
time of scan compared with CN. For the ‘taking one’ group, patients were taking any one of the four syndrome-based medications (e.g.,
Lithium, Antiepileptics, Antipsychotics, Antidepressants). For the ‘taking 2’ and ‘taking 3 or more’ groups, patients were taking any
combination of the syndrome-based medications. Effect sizes are reported after accounting for age, sex, intracranial volume and other
medications taken. Error bars represent 95% Confidence Intervals of the estimate. Effect sizes were considered significant (marked with *) if
they were below the significance threshold (q= < 0.05).
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matched CN [31]. It is important to note, however, that
medication-free patients are unlikely to be medication-“naive.”
Thus, volumetric differences, such as the larger putamen volume,
may reflect the effects of previous medication regimens. Also of
note is that the medication free group likely comprises those
patients with a milder form of illness compared to medicated
patients and displayed lower levels of history of psychosis,
duration of illness and number of psychiatric hospitalisations
(Table 1).
Li+ patients exhibited larger thalamic and ventricular volumes

compared to CN. Additionally, hippocampal volumes were
significantly larger than those observed in Li- patients. These
differences persisted even after adjusting for other medications,
including AED, which exhibit contrasting associations with
subcortical volumes. Neuroprotective and neurotrophic effects of
Li use have been reported in pre-clinical, as well as in cross-
sectional and longitudinal neuroimaging research [5, 9, 11, 20, 32].
The potential neuroprotective effects of Li were further supported
here in a moderation analysis in which co-administration of Li was
found to weaken the association of AED+ with hippocampal
volume. Although the precise mechanism remains elusive, Li may
facilitate beneficial neural adaptations by inhibiting pro-apoptotic
pathways such as glycogen synthase kinase-3β (GSK-3β), enhan-
cing neuroprotective mechanisms like B-cell lymphoma protein-2
(bcl-2), and upregulating neurotrophic signaling through BDNF
[5, 32]. Additionally, its effects on purinergic signaling and
inflammatory pathways are reported to play a significant role [33].
AED+ patients had significantly smaller hippocampus, thalamus,

and putamen volumes, as well as larger ventricular volume
compared with CN. Using the NbN classification, associations
between AED use and smaller subcortical brain volumes were
largely linked to valproate use and did not extend to other AEDs
involving ion-channel blocking to modulate the glutamatergic
system. This aligns with existing evidence linking valproate use to
variations in gray and white matter volume, thinner cortex, and
larger ventricular volumes in patients with epilepsy [34, 35]. The
precise mechanism through which valproate may be associated
with smaller subcortical brain volume remains unclear. Given the
literature on adverse neurological and teratogenic effects from
valproate exposure in utero, possible neurotoxic associations have
been described in preclinical literature, including
hyperammonemia-induced excitotoxicity, impaired mitochondrial
function, oxidative stress and inflammation [36]. It is also possible

that valproate is associated with smaller subcortical brain volume
due to reasons unrelated to pharmacological exposure to this
medication, such as the clinical characteristics of the patients
prescribed this medication.
AP+ patients exhibited significantly smaller hippocampus and

thalamus volumes, alongside larger caudate and ventricular
volume, compared to CN, while lower thalamic volumes were
noted in AP+ versus AP- patients. The association of AP use with
lower hippocampal and thalamic volume aligns with findings from
preclinical literature and neuroimaging studies of schizophrenia
[3, 8, 23, 37]. Regarding NbN classification, the larger subgroup of
AP+ patients taking dopamine and other monoamine receptor
antagonists displayed smaller hippocampal volumes and larger
ventricles, indicating that this class of medication may be
responsible for the associations between AP+ (more generally)
and lower brain volume. Interestingly, BD patients taking
dopamine-serotonin partial agonists and antagonists showed
larger basal ganglia volumes, including the globus pallidus,
caudate, and putamen. This finding is consistent with several
studies that have replicated the association of larger basal ganglia
volumes with atypical AP use [38, 39], thought to reflect striatal
hypertrophy, potentially serving as a compensatory response to
neuroleptic antagonism of dopamine receptors [40]. There were
no significant differences in clinical characteristics across the NbN
types for AP patients, suggesting that the observed volumetric
changes may be related to medication effects rather than
variations in illness severity or other clinical factors.
In relation to AD treatment, smaller hippocampal volumes were

observed in AD+ patients compared to CN. When using the NbN
classification, AD+ patients on medications primarily targeting
serotonin- such as multimodal reuptake inhibitors- showed
smaller intracranial volumes (ICV) compared to CN. Given that
smaller ICV may suggest a disrupted neurodevelopmental
trajectory, this association is unlikely to be attributable to
medication effects [27]. The observed reduction in hippocampal
volume is consistent with the broader literature linking depressive
illness to hippocampal shrinkage [41], as AD+ patients typically
had more depressive episodes and higher ratings on depressive
symptom scales compared to other subgroups (Table 1). However,
medication class did not significantly moderate the effects of
clinical course measures on subcortical volumes.
Anxiolytics and hypnotics (including benzodiazepines) were

recoded into the NbN category GABA positive allosteric

Fig. 2 Adjusted effect size estimates for BD patients taking each syndrome-based psychotropic medication class compared to CN. For all
analyses including patients taking lithium, antiepileptics, antidepressants and antipsychotics, effect sizes are reported after accounting for
age, sex, intracranial volume, and other medications taken. Error bars represent 95% confidence intervals of the estimate. Effect sizes were
considered significant (marked with *) if they were below the significance threshold (q= < 0.05).
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modulators which were associated with larger ventricles com-
pared to CN. Greater ventricular volumes in patients taking
benzodiazepines, as well as lower hippocampal and striatal
volumes, have been reported in patients with anxiety disorders
[42]. The observed ventricular enlargement could be a direct
medication effect or indirectly related to anxiety associations (e.g.,
substance use, chronic sleep problems).

Strengths and limitations
The major strengths of this study include its large sample size,
standardized data processing and analysis, and the use of pooled
individual-level data to account for relevant covariates and co-
prescribed medications. This extensive dataset allowed us to
investigate interactions among variables that smaller, less
powered studies could not conclusively address. Notably, this is
the first mega-analytic study to employ both syndrome and
mechanism-of-action-based medication classification approaches
to assess medication associations with subcortical volume in BD.
Although our findings align with prior evidence suggesting
potentially neuroprotective effects of Li in comparison to
valproate, which has been linked to the opposite pattern, these
results should be interpreted cautiously given the cross-sectional
study design which precludes our ability to establish causal
relationships between psychotropic medication status and mor-
phometric changes or support clinical recommendations. Instead,
they highlight the importance of targeted randomized controlled
trials incorporating neuroimaging and functional outcomes to
clarify the relative effects of mood-stabilizing medications in BD.
Further, the observed associations could be influenced by a

variety of confounding factors which were under-explored in this
study, including but not limited to medication adherence, the
severity of illness, duration of treatment, and other clinical
characteristics. The direction of causality could be reversed in
that morphometric changes could pre-exist and be responsible for
the subsequent medication selection. Strategies to tackle indica-
tion bias with opportunities for mitigation such as longitudinal
imaging studies integrated into randomized trials are necessary to

explore causal relationships and changes in brain structure over
time. Such studies are very challenging to conduct, but some
previous research has shown that AP medication treatment is
associated with increased pallidal volume over time in first
episode psychosis [43], and that Li treatment can slow white
matter volume reduction in the internal capsule in BD [44]. The
ENIGMA-BD consortium conducted the largest longitudinal
observational study to date and did not find any association
between the annual rate of brain structure change and classic
‘syndrome-based’ medication classes [45]. However, this study
only included approximately 300 bipolar disorder patients and
had a limited scan interval, underscoring the need for more
extensive longitudinal studies. Given that structural brain imaging
changes may not necessarily translate to functional outcomes,
future studies on medication associations would benefit from
including functional imaging and functional outcome measures
such as neurocognitive performance, social and occupational
functioning. Machine learning and artificial intelligence driven
multimodal approaches could further assist to address causal
direction and refine stratification of illness, medication and
outcome variables, in particular as larger and richer datasets
become more accessible through further collaborative data
sharing initiatives.
While the use of the NbN approach represents a significant

advancement in medication classification by accounting for the
pharmacological mechanisms of action, it is important to
recognize that this method, though more refined, still has
limitations. The categorization of medications based on presumed
mechanisms of clinical action assumes that these mechanisms are
fully understood- a premise that is not always accurate. In
addition, we faced limitations in including all relevant clinical
variables in our main analyses. Our primary goal was to delineate
how medication status correlates with subcortical volumes, but
the complexity of including numerous clinical covariates was
constrained by sample size. Variability in individual studies
regarding inclusion criteria, diagnostic and clinical data collection,
and medication details also affected the granularity of our

Fig. 3 Subcortical differences between patients taking NbN classified psychotropic medication compared to healthy controls and
controlling for psychotropic medication usage. Cohen’s d estimates of subcortical volumetric differences between patients taking NbN
classified psychotropics and healthy controls while controlling for age, sex, ICV (for subcortical volumes), and psychotropic medication. Error
bars show 95% confidence intervals. Effect sizes were considered significant (marked with *) if they were below the significance threshold
(q= <0.05). GSCCB = Glutamate sodium/calcium channel blockers, GABA PAM=GABA positive allosteric modulators, MOA = Mechanism of
Action.
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analyses. For example, NbN analyses could only be conducted for
approximately 48% of patients with available medication data.
Although the NbN findings largely align with and develop the
syndrome based findings, one discrepancy of note is that the
association of thalamic volume reduction with antipsychotic
medication was not significant for any NbN subcategory of
dopamine modulating medications. However, as with hippocam-
pal volume reduction, the ‘Dopamine and other monoamine
receptor antagonists’ subcategory displayed a similar direction of
effect with a smaller effect size than the syndrome based
classification (-0.05 vs -0.07), and the lack of statistical significance
may be related to the smaller sample size analysed.
Additionally, medication status at the time of the scan does not

fully reflect historical medication use. Although we had access to
medication type and polypharmacy and inferred that most
patients included were likely to be taking these prescribed
medications for a period of time, we did not have detailed access
to dose of medication, duration of medication treatment or past
use of different medications, all of which could be associated
morphometric changes detected at the time of imaging.
Furthermore, a small number of BD patients (251 out of 2,664)
had no information available for medication status. Medication
effects remain a critical area for future ENIGMA-BD studies and is
actively collecting further detailed clinical information, particularly
with a focus on incorporating detailed information about
medication dosage and history as well as harmonising clinical
measures. Given the multicentre international dataset, there are
likely regional and cultural variables which could influence
prescribing practices. Notably the proportions of patients pre-
scribed the traditional medication classes differ between North
America, Europe and Rest of World (Supplementary Table 44), with
a greater proportion of the latter group taking antiepileptic and
antipsychotic medications. The associations of brain morpho-
metric changes with medication class could potentially be
confounded by variation in regional environmental exposures
and availability of health service provision. Given that the
psychotropic medications examined in this study are also
commonly used in other psychiatric conditions such as major
depressive disorder and schizophrenia, this study highlights the
need to carefully model psychotropic use in any cross disorder
structural neuroimaging studies. Findings considered to be
diagnostic differences could be confounded by differential
medication use across disorders, such as lithium in bipolar
disorder and antipsychotics in schizophrenia.

CONCLUSION
This study presents a detailed analysis of the associations of
psychotropic medication status with subcortical brain volume in
patients with BD. Our findings reveal that medication-free BD
patients have similar subcortical volume to CN aside from
putamen and ventricular enlargement, whereas patients on
concurrent medications generally exhibit pronounced subcortical
variations. AED and AP use were associated with ventricular
enlargement and lower hippocampal and thalamic volumes. NbN
classification revealed that these associations appeared to be
associated with valproate and with dopamine and other mono-
amine receptor antagonists respectively. Conversely, Li use was
associated with larger hippocampal and thalamic volumes than
those not taking Li, even when adjusting for concurrent usage of
psychotropic medications. Further, concurrent Li use weakened
the negative association of AED use with hippocampal volume,
reinforcing its potential neuroprotective properties. Whilst sub-
cortical variations were linked to several indicators of clinical
severity, these were not modulated by medication class. Long-
itudinal studies and ideally randomised controlled trials will be
necessary to disentangle the potentially complex associations

between psychotropic medication status and subcortical volume
reductions.
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