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Abstract

Background. Two established staging models outline the longitudinal progression in bipolar
disorder (BD) based on episode recurrence or inter-episodic functioning. However, under-
lying neurobiological mechanisms and corresponding biomarkers remain unexplored. This
study aimed to investigate if global and (sub)cortical brain structures, along with brain-pre-
dicted age difference (brain-PAD) reflect illness progression as conceptualized in these staging
models, potentially identifying brain-PAD as a biomarker for BD staging.
Methods. In total, 199 subjects with bipolar-I-disorder and 226 control subjects from the
Dutch Bipolar Cohort with a high-quality T1-weighted magnetic resonance imaging scan
were analyzed. Global and (sub)cortical brain measures and brain-PAD (the difference
between biological and chronological age) were estimated. Associations between individual
brain measures and the stages of both staging models were explored.
Results. A higher brain-PAD (higher biological age than chronological age) correlated with an
increased likelihood of being in a higher stage of the inter-episodic functioning model, but not
in the model based on number of mood episodes. However, after correcting for the confound-
ing factors lithium-use and comorbid anxiety, the association lost significance. Global and
(sub)cortical brain measures showed no significant association with the stages.
Conclusions. These results suggest that brain-PAD may be associated with illness progression
as defined by impaired inter-episodic functioning. Nevertheless, the significance of this asso-
ciation changed after considering lithium-use and comorbid anxiety disorders. Further
research is required to disentangle the intricate relationship between brain-PAD, illness stages,
and lithium intake or anxiety disorders. This study provides a foundation for potentially using
brain-PAD as a biomarker for illness progression.

Introduction

Bipolar disorder (BD) is a major mental illness characterized by alternating manic and depres-
sive mood episodes, separated by relatively symptom-free intervals. Originally, Kraepelin
(1921) suggested that patients with BD reach complete recovery after each mood episode.
However, a growing body of evidence has established that patients suffer from illness progres-
sion in the form of decreased functioning and disability (Sanchez-Moreno et al., 2009), cog-
nitive decline (El-Badri, Ashton, Moore, Marsh, & Ferrier, 2001), in combination with cellular
aging (Fries et al., 2017), and less efficient cellular resilience mechanisms (Fries et al., 2012).
The influence of illness progression on research findings is often overlooked. Although the
included patients may appear similar from a cross-sectional perspective, they commonly
range from having a short to long illness duration with either a favorable or unfavorable lon-
gitudinal course, resulting in a heterogeneous sample.
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Staging models in medicine have been developed to define
Illness progression. For BD, there are two prevailing clinical
staging models. Berk et al. (2007) introduced a model based on
the occurrence and recurrence of mood episodes while
Kapczinski et al. (2009) based their model on impaired in-
ter-episodic functioning (Table 1). In an earlier study, we found
clinical markers for illness progression that were related to both
models, i.e. familial loading, childhood abuse, psychiatric
comorbidity, and treatment resistance (van der Markt et al.,
2021). However, we also found evidence suggesting that each
model reflects different aspects of illness progression (van der
Markt et al., 2020). Earlier age at onset of BD was associated
with higher stages in the model based on the recurrence of epi-
sodes (Berk et al., 2007), whereas a longer illness duration was
associated with higher stages in the model based on inter-episodic
functioning (Kapczinski et al., 2009). Based on these findings, we
recommended for future studies aimed at understanding illness
progression to apply both models.

Malhi, Rosenberg, and Gershon (2014) argued that staging
models are only meaningful if there is an understanding of the
underlying pathophysiology. While our (van der Markt et al.,
2019, 2020, 2021) and other (Goi et al., 2015a, 2015b; Rosa
et al., 2014) studies thus far established the clinical utility of the
two staging models for BD, underlying mechanisms and corre-
sponding biomarkers have not yet been identified. Structural
brain measures, such as global and (sub)cortical volumes, cortical
thickness, and cortical surface area may be interesting markers in
relation to illness progression. Indeed, when comparing groups of
patients with BD with healthy individuals, differences in brain
structure are consistently reported. The ENIGMA Bipolar
Disorder Working Group published some of the most compre-
hensive studies on structural brain deviations in BD. They
found a widespread pattern of a thinner cortex, but not a smaller
surface area in individuals with BD (Hibar et al., 2018). Also,
volumes of subcortical regions, such as the hippocampus,

amygdala, and thalamus, have been found to be significantly
smaller, alongside larger ventricular volumes (Hibar et al., 2016).

Accelerated brain aging, which has been related to several psy-
chiatric disorders (Cole et al., 2018), may be an additional brain
measure of interest. Brain age is a composite brain measure
related to aging reflecting the biological age, derived from several
regional brain metrics, including volume, cortical thickness, and
surface area measurements from structural magnetic resonance
imaging (MRI) scans. The relative weighting of the individual
brain metrics has been learned by training a machine learning
model to predict age from these brain metrics in a large dataset.
By design, it thus estimates the biological age of the brain,
which can be compared with chronological age. The difference
between the biological age and chronological age is called the
brain-predicted age difference (brain-PAD), also referred to as
the brainage gap or brainAGE (brain Age Gap Estimate).
Several larger studies found an increase in brain-PAD for patients
with BD compared to controls (de Nooij et al., 2020; Kaufmann
et al., 2019; Tønnesen et al., 2020; Van Gestel et al., 2019), imply-
ing that the brains of subjects with BD experience accelerated
aging. However, these findings were not confirmed in smaller
studies (Nenadić, Dietzek, Langbein, Sauer, & Gaser, 2017;
Shahab et al., 2019), nor in young participants at risk or in the
early stages of BD (Hajek et al., 2019). Although brain-PAD in
BD has been studied extensively, none of these studies have con-
trolled for illness progression, thereby neglecting a possible asso-
ciation between the clinical course of the illness in BD and
brain-PAD.

The current study aims to explore and gain initial insights into
whether global and (sub)cortical brain measures, expressed as vol-
ume, cortical thickness, cortical surface area, or brain-PAD may
function as biomarkers for illness progression as conceptualized
in both staging models in patients with BD-I. We hypothesized
(1) a decrease in global and (sub)cortical volumes and a thinner
cortex, and (2) an increase of brain-PAD across subsequent stages.

Table 1. Two staging models for bipolar disorders

Staging model based on number of episodes (Berk et al., 2007), with adaptations by van der Markt et al. (2020) in italic font Subjects per stage

Stage 0 Increased risk of severe mood disorder (e.g. family history, abuse, substance use). No specific symptoms 0

Stage 1 Mild or non-specific symptoms of mood disorder and prodromal features: ultra-high risk 0

Stage 2 First threshold mood episode (depressive or manic) 0

Stage 3 Recurrence of any depressive, hypomanic, or manic/mixed episode

A Recurrence of sub-threshold mood symptoms 6

B First threshold relapse 12

C Multiple relapses ⩽5 episodes* 33

Multiple relapses 6–10 episodes* 79

Multiple relapses >10 episodes* 60

Stage 4 Persistent unremitting illness; chronic (>1 year) depressive, manic or mixed episodes, including rapid cycling 9

Staging model based on inter-episodic functioning (Kapczinski et al., 2009)

Latent At risk for developing BD, positive family history, mood or anxiety symptoms without criteria for threshold BD 0

Stage I Well-defined periods of euthymia without overt psychiatric symptoms 21

Stage II Symptoms in inter-episodic periods related to comorbidities 65

Stage III Marked impairment in cognition and functioning 98

Stage IV Unable to live autonomously due to cognitive and functional impairment 15
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We further hypothesized that the likelihood of being in higher
stages was more strongly related to brain-PAD than to individual
global and regional (sub)cortical brain measures as the calculated
brain age is a composite quantity, derived from tens of individual
brain regions related to brain aging, thereby reducing the influ-
ence of individual variations in brain morphology and noise.

Methods

Study sample

Data were acquired from the Dutch Bipolar Cohort (DBC)
(Vreeker et al., 2016). The DBC is a large case–control study,
and a collaboration between the University of California Los
Angeles (UCLA) and Dutch healthcare institutes of the
University Medical Center Utrecht (UMC Utrecht), GGZ
Altrecht, GGZ inGeest, University Medical Center Groningen,
Delta Center for Mental Health Care, Dimence, Parnassia
(PsyQ), and Reinier van Arkel Group, investigating genetic and
phenotypic information of subjects with bipolar disorder type I
(BD-I), their first-degree relatives, and controls.

Data of 1396 subjects with BD-I, 589 first-degree relatives, and
266 control subjects were collected. Subjects were recruited
between June 2011 and April 2015 through various means, i.e.
via clinicians, the Dutch BD patient association, pharmacies,
advertisements, self-referral, and participation in previous
UMCU studies.

Inclusion criteria were: a minimum age of 18, at least three
biological grandparents of Dutch ancestry to acquire a homoge-
neous genetic sample, and a thorough understanding of the
Dutch language. For the subjects with BD, an additional require-
ment was the diagnosis of BD-I as verified by the Structured
Clinical Interview for DSM-IV (SCID-I [First, Spitzer, Gibbon,
& Williams, 2002]). Inclusion criteria for the controls were no
diagnosis of BD, schizophrenia, or any other psychotic disorder,
nor in a first-degree relative. Controls were screened for psychi-
atric diagnoses using the M.I.N.I. (Mini International
Neuropsychiatric Interview [Sheehan et al., 1998]). The presence
of co-occurring psychiatric conditions, such as substance use dis-
orders and anxiety disorders, did not lead to exclusion from the
study.

The assessments were done by a group of carefully trained staff
members and consisted of PhD-students, research assistants,
trainee psychiatrists, psychologists, and medical students, under
the supervision of experienced psychiatrists. Subjects with BD,
relatives, and controls received a small allowance (respectively
40, 20, or 20 euros) to cover expenses. The study was approved
by the medical ethical committee of the UMC Utrecht and all par-
ticipants gave written informed consent.

In the current study, we used a subsample of the DBC of 256
subjects with BD and 166 control subjects, of whom high-quality
T1-weighted MRI scans were acquired. All subjects with a
chronological age above 60 (38 subjects with BD and 19 controls)
were excluded from the main analysis as the study by Han et al.
(2020) showed higher errors in determining the brain age in indi-
viduals over 60 years. The sample thus consisted of 218 subjects
with BD and 147 controls.

Baseline characteristics

For all participants, demographic information was obtained,
including age at inclusion, sex, left or right-handedness, and IQ.

The questionnaire for bipolar disorders (QBP [Akkerhuis
et al., 2013]), an adaption of the Enrolment Questionnaire as pre-
viously used in the Stanley Foundation Bipolar Network by
Leverich et al. (2001) and Suppes et al. (2001), was administered
to the subjects with BD only, asking questions including age at
onset, number of depressive episodes, number of manic and/or
hypomanic episodes, and lithium use at the time of
MRI-scanning (yes/no).

Staging

Each subject with BD was assigned to a stage from the models
based on the number of episodes (Berk et al., 2007) and based
on inter-episodic functioning (Kapczinski et al., 2009). We imple-
mented substages for stage 3c with thresholds at 5 and 10 mood
episodes in line with suggestion from a prior study (van der
Markt et al., 2020). Subjects were classified into stages using a
decision flowchart that was previously applied in two other stud-
ies (van der Markt et al., 2020, 2021) (online Supplementary
Fig. S1).

To determine the stage in the model based on the number of
episodes (Berk et al., 2007), items from the QBP (Akkerhuis et al.,
2005) were used. With the QBP, we assessed current or previous
episodes and recovery in the last year. Out of the 218 subjects with
BD, a total of 199 subjects could be assigned to a stage, resulting
in n = 6 for stage 3a, n = 12 for stage 3b, n = 33 for stage 3c (fewer
than 5 episodes), n = 79 for stage 3c (6–10 episodes), n = 60 for
stage 3c (over 10 episodes), n = 9 for stage 4.

For the model based on inter-episodic functioning (Kapczinski
et al., 2009), the GAF-score from the QBP questionnaire, infor-
mation on current mood episodes, and items on work, work lim-
itations, and independent functioning were used to determine the
stage. A total of 199 subjects could be staged, resulting in n = 21
for stage I, n = 65 for stage II, n = 98 for stage III, and n = 15 for
stage IV.

Missings (n = 19 for each model) were due to missing items on
the questionnaires. See Table 1.

Brain imaging

Three-dimensional T1-weighted images were acquired on a 3 T
Philips Achieva scanner (Philips Healthcare, Best, The
Netherlands), equipped with an eight-channel SENSE head coil.
Fast field echo scans with 200 contiguous sagittal slices (TE =
4.6 ms, TR = 10 ms, flip angle = 8°, FOV = 240 mm, 0.75 ×
0.75 × 0.80 mm3 voxels) were made. An independent radiologist
evaluated the brain scans of all participants.

Image processing was done on the neuroimaging computer
network of the University Medical Center Utrecht, Utrecht, the
Netherlands. All images were processed using the FreeSurfer
5.1.0 image analysis suite (http://surfer.nmr.mgh.har vard.edu)
for cortical reconstruction and segmentation (Fischl & Dale,
2000). According to the findings of Janssen et al. (2022), utilizing
this version of FreeSurfer yielded outcomes comparable to the
more recent version 6.0, indicating that the older version remains
a valid and reliable option for image analysis. T1-weighted images
were registered to the Talairach atlas (Laitinen, 1989) and inten-
sity variations were corrected. The image was then skull-stripped
and the remaining voxels were classified as white matter or non-
white matter based on intensity and neighbor constraints
(Ségonne et al., 2004). Cutting planes were computed to separate
the hemispheres and remove the cerebellum and brain stem. Any
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interior holes in the components representing white matter
were filled. The initial triangular tessellation was formed on
the surface of this white matter mass to create a surface mesh
representation and then smoothed using a deformable surface
algorithm to form the grey/white surface. The algorithm was
further used to expand the surface to obtain the grey matter–
cerebrospinal fluid interface, i.e. the cortical surface (Dale,
Fischl, & Sereno, 1999; Fischl & Dale, 2000). Images were regis-
tered to a spherical atlas and cortical thickness measures were
obtained by calculating the distance between the grey/white
matter boundary and the cortical surface at approximately
320 000 points across the cortex (Dale et al., 1999). All images
were coded to ensure investigator blindness to subject identifi-
cation and group.

Global measures and (sub)cortical volumes

Segmentation of gray and white matter was visually checked and
control points were added where necessary. This ensured reliable
cortical volume, thickness, and surface area measures. The global
brain measures cortical gray and white matter volumes, cerebel-
lum, and lateral ventricles were estimated per hemisphere.
Intracranial volume, third ventricle, mean cortical thickness,
and total cortical surface area were also estimated. For the volu-
metric measures, left and right volumes were added up. For the
cerebellum, left and right white and gray matter were combined.
For the lateral ventricles, left and right inferior and superior lat-
eral ventricles were combined.

In addition, subcortical volumes of the thalamus, caudate
nucleus, putamen, pallidum, hippocampus, amygdala, and
nucleus accumbens were extracted for each hemisphere separately
(Buckner et al., 2004). These were quality checked according to
the guidelines provided by the ENIGMA consortium (http://
enigma.ini.usc.edu/), using Surfscan Visualiser (http://ibowman.
com/surfscan/). Poorly segmented volumes were removed from
the dataset. Volumes of 34 cortical regions were also obtained
for each hemisphere based on the Desikan–Killiany cortical
atlas (Desikan et al., 2006). For regional cortical and subcortical
volumes, the mean was calculated by combining left and right
hemisphere volumes, then dividing by two. These means were
used for further analysis.

Brain age and brain-PAD

To calculate the brain age, pre-trained ENIGMA-based models
for males and females by Schirrmeister et al., (2020) were used,
freely available from the photon-ai website (www.photon-ai.
com). Following the example of the ENIGMA paper (Han
et al., 2020), we estimated brain age separately for males and
females, because of differential brain developmental trajectories.

These ENIGMA-based models calculate the brain age by
combining 77 FreeSurfer-derived brain measures, including
intracranial volume, the means ([left + right]/2) of eight left
and right subcortical volumes (ventricles, thalamus, caudate
nucleus, putamen, palladium, hippocampus, amygdala, and
nucleus accumbens) and the 34 left and right cortical thick-
ness and surface area measures. The brain age was then esti-
mated using ridge regression from the Python-based sklearn
package.

Brain-PAD was then calculated by subtracting the chrono-
logical age at the time of the scan from the biological brain-age
predictions.

Statistical analysis

All analyses were primarily exploratory in nature and were per-
formed in SPSS version 27 (IBM Corp., 2020). Descriptive char-
acteristics were compared between groups using χ2 analyses for
dichotomous variables and independent samples t tests for nor-
mally distributed variables. We used ANOVA and χ2 analyses
to explore whether the patients in different stages of the staging
models differed on baseline characteristics.

Global and (sub)cortical brain regions

Volume measures were corrected for intracranial volume, sex, and
age. The mean cortical thickness measure and cortical surface
area were corrected for sex and age. Standardized residuals were
saved and used for subsequent analyses. Separate ordinal regres-
sion analyses were performed for each brain structure with staging
as a dependent ordinal variable, both for the model based on the
number of episodes (Berk et al., 2007) and inter-episodic func-
tioning (Kapczinski et al., 2009). Analyses of the global and
(sub)cortical areas were corrected for false discovery rate
(Benjamini & Hochberg, 1995) due to multiple testing for 15
tests per staging model for the global and subcortical areas and
34 tests per staging model for the cortical areas.

Brain-PAD

Separate ordinal logistic regression analyses were performed for
each model to examine whether the brain-PAD significantly
increased over subsequent stages in individuals with BD.
Following the example by Han et al. (2020), to correct for the
influence of chronological age on brain-PAD, age and age2 were
added as covariates to the regression model.

Sensitivity analyses

To investigate the effect of lithium use (associated with normaliz-
ing decreased brain volumes in BD [Hafeman, Chang, Garrett,
Sanders, & Phillips, 2012] and lower discrepancy between brain
age and chronological age [Van Gestel et al., 2019]), all analyses
were repeated by adding the binary variable lithium use (yes
[Li+]/no [Li−]) at the time of the MRI scan as a covariate to
the models. For exploratory purpose, analyses were repeated in
both Li+ and Li− groups separately. To further explore the signifi-
cant finding of the brain-PAD for the staging model based on
inter-episodic functioning, the average brain-PAD per stage was
plotted and relevant t tests were carried out to investigate group
differences.

To examine the impact of current IQ on our results, analyses
were repeated adding current IQ as a covariate to the models.
Analyses were also repeated including subjects aged over 60 to
investigate if excluding subjects over 60 indeed led to a better
age prediction, as suggested by a previous paper by Han et al.
(2020), since there is too much variety in aging not related to
BD above this age. Lastly, analyses were repeated correcting for
comorbid anxiety disorders and comorbid substance use disor-
ders respectively, to examine their impact on the findings.

Results

Characteristics of the study sample

The sociodemographic and psychiatric characteristics of the
study sample are listed in Table 2. The mean age differed
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significantly between subjects with BD and controls ( p = 0.022),
i.e. subjects with BD were on average 2.9 years older. Compared
to controls, subjects with BD had a significantly lower current
IQ ( p≤ 0.001) and premorbid IQ ( p = 0.039).

For both models, baseline characteristics were compared
between subjects in the different stages, see online Supplementary
Table S1. For the model based on the number of episodes, the
age at the MRI scan differed across the stages with no clear pattern
( p < 0.001). For the model based on inter-episodic functioning, cur-
rent IQ decreased significantly across stages ( p = 0.009).

The sociodemographic and psychiatric characteristics of the
sample including subjects over 60 years of age are shown in online
Supplementary Table S2. Subjects with BD were significantly
older ( p = 0.026) compared to controls. Subjects with BD had a
significantly lower current IQ ( p≤ 0.001) but did not differ in
premorbid IQ ( p = 0.234).

Global measures and subcortical volumes

Table 3 shows the results of the ordinal logistic regression analyses
between global and subcortical regions and staging models, and
online Supplementary Table S3 shows the results for the cortical
volumes. No significant associations were found after applying
correction for the false discovery rate.

Online Supplementary Table S7 demonstrates the numbers of
participants with and without lithium use, anxiety disorders or
substance use disorders per stage. Adding lithium use at the
time of MRI-scanning, current IQ, or anxiety disorders as a cov-
ariate (online Supplementary Tables S4, S5, and S8 respectively)
did not change the pattern of findings for both models, nor did
including the subjects with a chronological age over 60 years
(online Supplementary Table S6). However, adding comorbid
substance use disorders as a covariate did change our findings;
now, although odds ratios (ORs) were mostly similar or lower,
the association between stages and volumes of lateral ventricles,
putamen, pallidum, hippocampus, amygdala, and nucleus accum-
bens and mean cortical thickness reached significance after cor-
recting for multiple testing.

Brain aging

On average, subjects with BD showed a higher brain-PAD of 3
years compared with controls, implying increased aging of the
brain in this group.

From online Supplementary Fig. S2, it can be observed that
there is a rise in brain-PAD throughout the stages for both mod-
els. One could make a valid argument that obtaining a bigger
sample size might result in statistically significant outcomes.

Table 2. Characteristics of the study sample

Bipolar patients (N = 218) Controls (N = 147) t test/χ2, p value

Sociodemographic characteristics

Age at MRI scan, mean years (S.D.) 44.7 (10.5) 41.8 (12.8) T(271) = 2.30, p = 0.022

Sex, m/f (%m) 105/113 (48.2%) 74/73 (50.3%) χ2(1) = 0.17, p = 0.684

Handedness, R/L/B (%right) 187/21/7 (87.0%) 119/19/5 (83.2%) χ2(2) = 1.11, p = 0.574

Premorbid IQ, mean (S.D.) 106.5 (9.48) 108.6 (8.63) T(352) = 2.07, p = 0.039

Current IQ, mean (S.D.) 100.2 (13.35) 109.3 (15.91) T(272) = 5.49, p < 0.001

Psychiatric characteristics of the bipolar patients

Age at onset (years)

Manic symptoms 27.2 (10.06) n/a

Depressive symptoms 23.0 (9.72) n/a

Number of depressive episodes 17.6 (31.9) n/a

Number of hypomanic / manic episodes 10.9 (24.9) n/a

Lithium use N (%)a 145 (39.7) n/a

Comorbid anxiety disorders y/n (%yes) 46/205 (18%) n/a

Comorbid substance use disorders

Alcohol, units/week (S.D.) 26.4 (49.6) 26.1 (41.8) T(222) =−0.39, p = 0.969

Substance abuse, y/n (%yes) 15/200 (7.0%) 7/74 (8.6) χ2(1) = 0.24, p = 0.626

Substance dependence, y/n (%yes) 18/196 (8.4%) 5/66 (7.0%) χ2(1) = 0.14, p = 0.714

Brain age

Brain age, mean years (S.D.) 47.7 (13.3) 41.8 (14.8) T(363) = 3.98, p = <0.001

Brain-PAD, mean years (S.D.) 3.0 (8.54) 0.0 (7.47) T(363) = 3.45, p < 0.001

Brain-PAD Li+, mean years (S.D.)b 1.4 (8.04)

Brain-PAD Li−, mean years (S.D.)b 6.1 (8.68)

aAt the time of the scan.
bLithium as regression coefficient (OR 1.962, range 1.085–3.550, p 0.026).
Significant results in bold and italic.
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An increase in brain-PAD was not significantly associated with
the odds of being in a higher stage for the model based on the
number of episodes (OR 1.015, p = 0.344; Table 3) (Berk et al.,
2007), but was significantly associated for the model based on
inter-episodic functioning (Kapczinski et al., 2009) (OR 1.033,
p = 0.041; Table 3). After correcting for lithium use (online
Supplementary Table S4, Fig. S1), an increase in brain-PAD was
no longer significantly associated with a higher stage for either
model (model based on recurrence p = 0.366 and functioning
p = 0.167). The brain-PAD for Li+ was 1.4 years and for Li−
6.1 years, indicating that the brain age of patients who used lith-
ium is 1.4 years older than their chronological age while in
patients not on lithium this is 6.1 years. In other words, the effect
of lithium use at the time of MRI on the brain-PAD was 4.7 years
( p = 0.026) (see Table 2). Figure 1 shows the brain-PAD per stage
for Li+ and Li− subjects separately. This figure shows a
brain-PAD which increases across the stages for the Li+ subjects
and a higher brain-PAD for the Li− subjects. Comparison of stage
I, II, and III combined (n = 125) to stage IV (n = 7) for Li+: mean
brain-PAD stage I–III combined was 0.92 years (S.D. 8.02) and for
stage IV 7.48 years (S.D. 8.85). Independent sample t test showed
that this is a significant difference between these groups, t(130)
−2094, p = 0.019 with a moderate to high effect size, Cohen’s
d = 0.81.

The association between an increase in brain-PAD and a higher
stage still reached trend-level significance after correction for IQ

(online Supplementary Table S5), after inclusion of subjects over
60 years of age (online Supplementary Table S6) and after correct-
ing for substance use disorders (online Supplementary Table S9)
for the model based on functioning ( p = 0.056, p = 0.057, and p
= 0.008, respectively) but remained non-significant for the model
based on recurrence ( p = 0.482, p = 0.252, and p = 0.384, respect-
ively). Correction for comorbid anxiety disorders led to a slight
reduction in effect size for the brain-PAD but did not remain sig-
nificant (from OR 1.033, range 1.001–1.065, p = 0.041 to OR 1.025,
range 0.993–1.058, p = 0.124).

Discussion

The present study aimed to explore whether global and (sub)cor-
tical brain measures and brain-PAD can be considered as a
marker for illness progression in subjects with BD when concep-
tualizing illness progression in two different staging models. No
global or (sub)cortical brain regions were associated with odds
of reaching a higher stage. We found evidence, albeit, with a
small effect size (OR 1.033), that brain-PAD may function as a
marker for illness progression, using a staging model based on
impaired inter-episode functioning (Kapczinski et al., 2009) but
not in a staging model based largely on the recurrence of mood
episodes (Berk et al., 2007). These results are of an exploratory
nature and are therefore meant to take a first step in investigating
the influence of illness progression in relation to brain aging.

Table 3. Associations between global and subcortical brain measures and brain-PAD and illness progression for both models, with global and subcortical brain
measures corrected for intracranial volume (except cortical thickness and cortical surface measures), age, and sex and brain-PAD corrected for age and age2

Model based on the number of episodes Model based on inter-episodic functioning

Odds ratio Range Wald p value Odds ratio Range Wald p value

Global measures

Intracranial volume 1.002 1.001–1.004 6.759 0.009 1.000 0.999–1.002 0.279 0.597

Cortical gray matter volume 0.997 0.990–1.005 0.573 0.449 0.993 0.985–1.000 3.394 0.065

Cortical white matter volume 0.995 0.989–1.001 2.376 0.123 0.997 0.991–1.003 0.823 0.364

Cerebellum volume 0.978 0.957–0.999 4.336 0.037 0.989 0.968–1.011 0.918 0.338

Lateral ventricle volume 1.042 1.010–1.075 6.574 0.010 1.045 1.011–1.080 6.721 0.010

Third ventricle volume 2.123 1.110–4.062 5.177 0.023 1.360 0.699–2.645 0.819 0.365

Mean cortical thickness 0.534 0.120–2.376 0.678 0.410 0.242 0.048–1.225 2.939 0.086

Mean surface area 1.001 0.999–1.003 0.457 0.499 0.999 0.997–1.001 0.563 0.453

Subcortical volumes

Thalamus 0.973 0.657–1.440 0.019 0.890 0.919 0.617–1.368 0.173 0.677

Caudate nucleus 0.825 0.432–1.573 0.343 0.558 0.931 0.476–1.819 0.044 0.834

Putamen 0.736 0.471–1.150 1.811 0.178 0.586 0.371–0.926 5.230 0.022

Pallidum 0.529 0.121–2.303 0.720 0.396 0.301 0.068–1.334 2.499 0.114

Hippocampus 0.506 0.273–0.939 4.661 0.031 0.437 0.229–0.831 6.368 0.012

Amygdala 0.375 0.120–1.171 2.849 0.091 0.199 0.060–0.667 6.857 0.009

Nucleus accumbens 0.510 0.136–1.913 0.996 0.318 0.300 0.075–1.209 2.867 0.090

Brain-PADa

Brain-PAD 1.015 0.985–0.895 1.044 0.344 1.033 1.001–1.065 4.187 0.041

aCorrected for age and age2.
p < 0.05 in italic.
Significant results in bold.
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Previous studies have focused on identifying deviations in global
and (sub)cortical brain measures (i.e. volumes, cortical thickness,
and cortical surface areas) in subjects with BD compared with
healthy controls (Abramovic et al., 2016; Hibar et al., 2016,
2018), but did not study the relation between illness progression
and these brain deviations. Indeed, we previously reported a signifi-
cantly smaller volume of the total brain and the globus pallidum, a
thinner cortex in small clusters in frontal, parietal, and cingulate
regions (Abramovic et al., 2018), and increased ventricle volumes
in subjects with BD as compared with controls in the same cohort
(Abramovic et al., 2016, 2018). As we have not identified any areas
that significantly changed across the stages, we can now conclude
that global or (sub)cortical brain measures are not associated
with illness progression, regardless of whether illness progression
was based on the recurrence of episodes (Berk et al., 2007) or on
impaired inter-episodic functioning (Kapczinski et al., 2009).
This may imply that BD-related deviations in individual brain
regions occur prior to or right after the onset of BD and do not fur-
ther alter as illness progresses. However, longitudinal studies are
necessary to confirm this hypothesis.

Irrespective of staging, we found a larger brain-PAD of 3 years
in subjects with BD compared to controls. In other words, the
brains of subjects with BD are estimated to be on average 3
years older than the chronological age suggests. Although several
earlier smaller studies did not find a significant brain-PAD differ-
ence in subjects with BD compared to controls (Nenadić et al.,
2017; Shahab et al., 2019), larger studies found a brain-PAD dif-
ference ranging from 0.29 to 4.28 years (de Nooij et al., 2020;
Kaufmann et al., 2019; Tønnesen et al., 2020; Van Gestel et al.,
2019). This variability in brain-PAD could potentially be attribu-
ted to the differences between lithium and non-lithium users, as
Van Gestel et al. (2019) reported a brain-PAD of non-lithium
users of 4.28 years and for lithium users of 0.48 year.

The brain-PAD significantly increased with illness progression
in the model based on impaired inter-episodic functioning
(Kapczinski et al., 2009), but not in the model based on the recur-
rence of mood episodes (Berk et al., 2007). This suggests that
brain-PAD may be specifically related to the level of functioning
in-between episodes. Our previous papers on these staging models

already suggested that both models reflect different aspects of ill-
ness progression in BD since they had a low correlation (van der
Markt et al., 2020) and differences in associated clinical markers
(van der Markt et al., 2021). The markers that we found to be asso-
ciated with illness progression as reflected by the staging models
had found to be related to volume or thickness alterations in certain
brain areas in other studies, e.g. familial risk (de Zwarte, Brouwer,
Agartz, & van Haren, 2019), childhood abuse (Cassiers et al., 2018),
illness duration (Vita, De Peri, & Sacchetti, 2009), psychiatric
comorbidity (Biederman et al., 2008), and cognitive functioning
expressed as IQ (Pietschnig, Penke, Wicherts, Zeiler, & Voracek,
2015). It is important to note that we do not know the causality
in the relation between brain-PAD and illness progression
expressed as functioning. To identify whether an increase in
brain-PAD causes a poorer level of functioning or whether poor
functioning precedes a more pronounced brain-PAD, longitudinal
studies are needed that cover the full adult age range.

A significant difference across the stages for the model based
on functioning was found in brain-PAD, but not for individual
global and regional (sub)cortical brain measures. This may be
explained by brain age being a composite quantity, derived
from many individual brain regions related to brain aging, thus
reducing the influence of individual variations in brain morph-
ology and noise. Individual brain areas for this model showed
an effect in the same direction, including a larger volume of the
lateral ventricles, and a smaller volume of the putamen, hippo-
campus, and amygdala, however did not reach significance after
correction for multiple testing.

We investigated whether our findings could be explained by a
difference in baseline characteristics between the stages. Not sur-
prisingly, a higher stage in the staging model based on episode
recurrence was associated with increased age. However, since
age was introduced as a covariate for the global and (sub)cortical
measures and age and age-squared were included as covariates in
our brain age analyses, we expect that these associations did not
confound our results. After including individuals with BD aged
over 60 years, the difference in brain-PAD across the stages for
the model based on functioning went to trend-level significance
(online Supplementary Table S6), confirming the model’s lower

Figure 1. Bar charts of the mean brain-PAD for subjects
with BD with and without the current use of lithium.N
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accuracy in higher age groups, as was already suggested by Han
et al. (2020).

Correcting for IQ did not change our results for the global and
subcortical brain measures (online Supplementary Table S5). It did
marginally change the results of the brain-PAD for the model
based on inter-episodic functioning from significant ( p = 0.041)
to ( just) not significant ( p = 0.056). Stages in this model use cri-
teria such as the ability to work and function independently,
which are closely related to IQ, as subjects with a higher IQ are
described to have more cognitive reserve (Martino, Valerio,
Szmulewicz, & Strejilevich, 2017) and thus have more possibilities
to continue working less demanding jobs and have more cognitive
capacity to remain functioning autonomously. This is in line with
the findings by Reinares et al. (2013), who found a relation between
verbal IQ and better functioning, defined as the ability to work and
function socially in subjects with BD.

We found that correcting for current lithium use did not
change our results for the global and subcortical brain measures.
However, correcting for lithium did change the results of the
brain-PAD for the model based on impaired functioning from
significant (OR 1.033, range 1.001–1.065, p = 0.041) to non-
significant (OR 1.023, range 0.991–1.056, p = 0.167). The share
of lithium users decreased across the stages of the functioning-
based model, although not significantly (χ2[3,199] 7.40, p =
0.060). This indicates that lithium use unlikely explains the effect
of staging on brain-PAD. The change in significance when cor-
recting for lithium is mostly caused by the influence of lithium
on the brain-PAD itself. When assessing the lithium users and
non-lithium-users separately, the average brain-PADs of these
groups differ 4.7 years (1.4 years larger than controls for Li+
and 6.1 years larger than controls for Li−). A possible explanation
would be the effect of lithium on the brain itself, which is in line
with the study by Van Gestel et al. (2019) who found a normal-
izing effect on the brain age in lithium users compared to non-
lithium users. It is also consistent with the effect of lithium on
brain volumes, where lithium users do not (or to a lesser extent)
show the smaller gray matter volumes that are found in non-
lithium users as compared to controls, as shown by Abramovic
et al. (2016) in the current sample and by many others (for
review, see Hafeman et al., 2012). It has been suggested that
gray matter volume reduction in BD is caused by actual brain
deterioration through different pathways, such as modulation of
nerve growth factors, inflammation, mitochondrial function, oxi-
dative stress, and programmed cell death mechanisms, such as
autophagy and apoptosis, and lithium possibly serve as a neuro-
protective agent by influencing these pathways (Ochoa, 2022).
Figure 1 shows the brain-PAD per stage in lithium users and non-
lithium users for the model based on inter-episodic functioning.
For lithium users, the protective effect of lithium is present in
stages I, II, and III but decreases significantly in stage IV. This
might mean that the protective effect of lithium is no longer pre-
sent when functioning is severely affected. Due to the small sam-
ple size, further studies are needed to confirm this hypothesis.
Alternatively, patients not on lithium could be more treatment
resistant, as lithium is the first choice in the Dutch clinical guide-
lines, and thus experience more severe mood episodes leading to
more rapid aging. In conclusion, the use of lithium may be a pro-
tective factor as it possibly prevents brain volume loss in subjects
with BD and it may explain the less divergent brain-PAD com-
pared to controls after correcting for lithium.

We did not assess the effect of other psychotropic drugs. A
study by Abramovic et al. (2016) in the current cohort found

that the use of antipsychotics in BD was subtly associated with
a larger third ventricle and smaller hippocampus and supramar-
ginal cortex volume, albeit with smaller effect sizes than the more
extensive effects of lithium on the brain. Indeed, the review by
Hafeman et al. (2012) found that the use of antipsychotics was
generally not associated with volumetric differences. However,
the ENIGMA study found a reduced cortical surface area for atyp-
ical antipsychotics and an increased cortical surface area related to
typical antipsychotics, suggesting that different types of medica-
tion are differently associated with brain measures (Hibar et al.,
2018), although the authors acknowledge that the effect may be
related to the small number of subjects using typical antipsycho-
tics in their study. Due to these varying findings, it may be inter-
esting for future studies to assess the influence of neuroleptic
drugs on the brain from the perspective of illness progression.

In the main analyses, we intentionally did not exclude indivi-
duals with co-occurring anxiety and substance use disorders to
maintain the naturalistic nature of our outpatient sample. While
excluding such subjects would improve sample homogeneity, it
would compromise the representativeness of our outcomes for
real-world outpatients. In order to ensure comprehensive analysis,
we corrected our models for the presence or absence of anxiety
and substance abuse to explore their potential impact on the
observed associations between brain-PAD and staging models.
The effect sizes only showed minimal changes as compared to
the analyses in the full sample, but some significance levels chan-
ged, e.g. after correcting for the presence of anxiety disorders the
association between the staging model based on functioning and
the brain-PAD did not retain significance. Whether the presence
of anxiety disorders had a significant influence on this association
needs further study in a larger sample. It needs emphasis that
comorbid anxiety disorders are common in a naturalistic sample
and that this might just be an indicator of the severity of BD.

Also, correction for substance use disorders did alter the pat-
tern of findings for the brain regions. Now, although odds ratios
were again mostly similar, the association between stages in the
model based on functioning and lateral ventricles, mean cortical
thickness, putamen, pallidum, hippocampus, amygdala, and
nucleus accumbens reached significance after correcting for mul-
tiple testing, i.e. thickness and volumes decreased with an increase
in stages. Notably, almost all subjects with substance use disorders
clustered in stages II and III. As substance use disorders are rela-
tively common comorbid to BD, it is difficult to explain why find-
ings now reached the significance threshold. Again, further
studies with larger cohorts are needed to determine the conse-
quences of these findings.

To our knowledge, this is the first study to address the poten-
tial underlying neurobiology of staging models. Analyses were
done in a relatively large sample. However, some limitations
must be considered. We found a large variation in the predicted
brain age within the stages of both staging models. This means
an even larger sample may be needed to better estimate the
mean brain age and its standard deviation per stage, since differ-
ences in the brain measures across stages may be too small to
detect in a sample of our size. The model based on the recurrence
of episodes (Berk et al., 2007) consists of nine categories of which
the six highest categories of the model were assigned to the sub-
jects with BD, as the cohort did not include individuals in the
prodromal and very early stages of BD. In contrast, the model
based on inter-episodic functioning (Kapczinski et al., 2009) con-
sists of four categories. The implication of a difference in the
number of stages per model may be that it becomes more likely
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to find significant differences in variables across the stages for the
model based on functioning as sample sizes per stage are larger.
On the other hand, a larger number of stages could lead to a
more refined grouping, which decreased within-stage variation,
thus leading to more statistically significant results when testing
the differences in variables across the stages. The reported number
of previous mood episodes may be subject to recall bias, which
may have led to some inaccuracy in the demographics table.
Also, our outpatient sample may be less suitable for testing the
staging model based on the number of episodes, as an outpatient
sample does not typically contain patients in the very early stages
of bipolar illness as they are not enrolled in treatment settings yet.
Therefore, our cohort contained a large number of subjects clus-
tering in similar stages. Lastly, our results are meant to be explora-
tory in nature. Our results need to be interpreted with caution as
correction for multiple testing was only performed for each model
separately and not for the two models combined.

In conclusion, our study provides suggestive evidence that
brain-PAD may be associated with illness progression in the
model based on impaired inter-episodic functioning (Kapczinski
et al., 2009). We found a significant association between illness pro-
gression reflected by this staging model and the brain-PAD, how-
ever, the role of lithium appears relevant as correcting for lithium
led to this association no longer being significant. This relationship
between brain-PAD and stage of inter-episodic functioning should
therefore be studied in larger and longitudinal cohorts. This study
emphasized the importance of accounting for lithium-use in
imaging studies in BD, as lithium was associated with less brain
aging. Additionally, it emphasized the role of comorbid anxiety dis-
orders as the association between brain aging and the staging model
no longer reached significance after correction for subjects with anx-
iety disorders. New studies with larger samples are needed to further
disentangle the complex relationship between brain-PAD, stage, and
lithium intake or anxiety disorders.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0033291723002829
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