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Abstract

BACKGROUND: Bipolar disorder shows significant variability in clinical presentation. Here we
adopt a personalized approach to quantify the brain structural and functional similarity of each
individual patient to other patients and to healthy individuals.

METHODS: Brain morphometric and resting-state functional connectivity measures from two
independent samples of patients with bipolar disorder and healthy individuals (total number of
participants=215) were modeled as single vectors to generated individualized morphometric and
connectivity profiles. These profiles were then used to compute a person-based similarity indices
which quantified the similarity in neuroimaging profiles amongst patients and between patients
and health individuals.

RESULTS: The morphometric and connectivity profiles of patients showed within-diagnosis
similarity which was comparable to that observed in healthy individuals. They also showed
minimal deviance from those of healthy individuals; the correlation between the profiles of
patients and healthy individuals was high (range: 0.71-0.94, p<10~°). The degree of similarity
between imaging profiles was associated with 1Q (for cortical thickness) and age (functional
integration) rather than clinical variables. Patients who were prescribed lithium, compared to those
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who were not, showed greater similarity to healthy individuals in terms of network integration (#=
2.2, p=0.03).

LIMITATIONS: We focused on patients with Bipolar disorder, type | only.

CONCLUSIONS: High inter-individual similarity in neuroimaging profiles was observed
amongst patients with bipolar disorder and between patients and healthy individuals. We infer that
brain alterations associated with bipolar disorder may be nested within the normal biological
diversity consistent with the high prevalence of mood symptoms in the general population.

Keywords

Inter-individual correlation; Bipolar disorder; Magnetic resonance imaging; normative modeling;
Resting-state

1. Introduction

Bipolar disorder is a severe mental illness, characterized by mood episodes and variable
inter-episode remission (American Psychiatric Association, 2013), and a major cause of
disease burden worldwide (Benjamini and Yekutieli, 2001). Biological models of bipolar
disorder emphasize differences between patients and healthy individuals in brain
morphology and functional organization. The most consistent findings involve volumetric
reductions in the amygdala, hippocampus, and thalamus (Arnone et al., 2009; Hallahan et
al., 2011; Hibar et al., 2016), cortical thinning in prefrontal and occipital regions (Hibar et
al., 2018), and dysfunctional engagement of subcortical and prefrontal regions during tasks
of affective processing and cognitive control (Chen et al., 2011; Janiri et al., 2019). Further,
bipolar disorder has been associated with resting-state dysconnectivity primarily of the
default mode, sensorimotor, and central executive networks (Birur et al., 2017; Doucet et al.,
2017; Meda et al., 2014; Vargas et al., 2013). However, the neuroimaging literature in
bipolar disorder shows marked inter-study variability and attempts to differentiate patients
from healthy individuals on the basis of neuroimaging measures have generally shown low
accuracy and reproducibility (Frangou et al., 2017; Nunes et al., 2018; Rocha-Rego et al.,
2014).

Heterogeneity is commonly invoked to explain inter-study inconsistencies based on findings
of variability in the genetic architecture (Charney et al., 2017; Song et al., 2017), cognitive
profiles (Bora, 2017; Jensen et al., 2016; Karantonis et al., 2020; Lima et al., 2019; Martino
et al., 2014), and the clinical presentation of bipolar disorder (Karanti et al., 2019; Wallace et
al., 2016). However, “apparent heterogeneity” (i.e., heterogeneity attributable to
methodological factors rather being a true attribute of a population) in any feature could
arise as a result of a shift in the overall distribution of one group relative to the other, or from
differential sampling from distributions with similar variance. Wolfers and colleagues (2018)
partially addressed this issue with respect to brain structure in patients with bipolar disorder.
They determined the extent to which each discrete brain regional measure in each patient
deviated from the normative mean. Most of the regions where individual-level deviation was
noted were regions where case-control differences were also observed using traditional
group-level analyses, indicating significant inter-patient similarity.
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A key limitation of most previous research is that it models the brain as a collection of
independent regions or functional networks. As both morphometry and functional
connectivity show marked covariance (Alexander-Bloch et al., 2013; Zhang et al., 2011), a
crucial, but as yet unanswered question, pertains to the degree to which the neuroimaging
profiles of individual patients differ from other patients or from healthy individuals.

Here we use a novel metric, the person-based similarity index (PBSI) (Doucet et al., 2019b),
which quantifies the in-group similarity between the brain structural and connectivity profile
of an individual to that of the other members of a group. We have previously demonstrated
that the PBSI is biologically and functionally meaningful as it is reproducible, heritable and
associated with cognitive ability (Doucet et al., 2019b). Using this index, we examined the
person-specific in-group similarity in regional cortical thickness and subcortical volumes
and resting state connectivity in bipolar disorder (/7= 44) and healthy individuals (7= 52).
Data acquired data on an independent sample (patients=78; healthy individuals=41) were
used to test reproducibility. We hypothesized that significant disorder-related heterogeneity
in brain morphometry and connectivity, if present, would be associated with lower within-
group inter-individual similarity. Conversely, high levels of within-group similarity in
amongst patients would argue against significant heterogeneity at least in terms of
neuroanatomical and connectivity profiles. Accordingly, high levels of similarity between
patients and healthy individuals would indicate that disease-related changes in brain
morphometry and connectivity are likely to be subtle and nested within the normal variation.
To complement these analyses and to allow comparison with prior studies we also tested
whether bipolar disorder is associated with increased variance in the morphometry of
discrete regions or the connectivity of discrete functional networks.

2. Materials and methods

2.1. Samples

We analyzed data from two samples, the discovery sample assessed at the Icahn School of
Medicine at Mount Sinai (ISMMS), USA and the replication sample assessed at the Olin
Neuropsychiatric Research Center, Yale University, USA. The ISMMS sample comprised 44
patients with bipolar disorder, Type I, and 52 healthy individuals (Table 1, Supplementary
Table S1) and the Yale sample comprised 78 patients with bipolar disorder, Type I, and 41
healthy individuals (Table 1, Supplementary Table S2). Details of the recruitment and
assessment are provided in the Supplementary Material. Participants in both the ISMMS and
the Yale sample were screened to exclude 1Q less than 70; presence of a systemic medical
illnesses or central nervous system disorders; history of significant head trauma; substance
use disorder according to the Diagnostic and Statistical Manual of Mental Disorders, Fifth
Edition (DSM-5; (American Psychiatric Association, 2013)) and contra-indications for
magnetic resonance imaging (MRI). In both samples, the diagnostic status of all participants
was assessed using the Structured Clinical Interview for DSM-5 (First et al., 2015), 1Q was
evaluated using Wechsler Abbreviated Scale of Intelligence (Wechsler, 2011) and
psychopathology was rated with the 24-item Brief Psychiatric Rating Scale (BPRS) (Ventura
etal., 1993). In BPRS, items are coded from 1 (absent) to 7 (extremely severe). BPRS
subscale scores were also calculated as follows: positive symptoms subscale=sum of scores
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for hallucination, unusual thought content, and bizarre behavior; negative symptoms
subscale=sum of scores for blunted affect, emotional withdrawal, and motor retardation;
depression/anxiety subscale=sum of scores for anxiety, depression, suicidality, and guilt;
mania/disorganization subscale=sum of scores for motor hyperactivity, elevated mood,
excitement, distractibility, and grandiosity. In patients, clinical information was confirmed
through their medical records, medication type and dose were recorded on the day of
scanning and the daily antipsychotic dose was converted to chlorpromazine equivalents
(CPZE) (Gardner et al., 2010).

2.2. Neuroimaging

The neuroimaging data at both sites were acquired using Siemens 3T scanners (Erlangen,
Germany) and were processed separately using identical protocols. Details of the acquisition
sequences, data preprocessing and image analyses are presented in the Supplementary
Material. Cortical reconstruction, based on the Desikan atlas (Desikan et al., 2006), and
volumetric segmentation of structural datasets were implemented in the FreeSurfer image
analysis suite (version 5.3.0; http://surfer.nmr.mgh.harvard.edu/). In each participant, 64
cortical thickness and 18 subcortical volume measures were extracted from the structural
dataset (detailed in Supplementary Table S3). Analyses of the resting-state functional
magnetic resonance imaging (rsfMRI) data were implemented using the Statistical
Parametric Mapping software (SPM12; http://www.fil.ion.ucl.ac.uk/spm/software/spm12)
and the Data Processing and Analysis for Brain Imaging Toolbox (Yan et al., 2016) (details
in the Supplementary Material). We did not include surface area as a previous large-scale
analysis did not identify disorder-related abnormalities in this measure (Hibar et al., 2018).

We used previously established templates Doucet et al., 2019a Doucet et al., 2018 to extract
connectivity measures from the 5 most reproducible resting-state brain networks and their
constituent modules (Doucet et al., 2018): default mode (4 modules), central executive (2
modules), salience, sensorimotor (2 modules) and visual (4 modules) (Supplementary Figure
S1). Functional connectivity within and between modules was calculated using Pearson’s
correlation coefficients which were then Fisher #transformed to yield 13 within- and 78
between-module functional connectivity measures per participant (Supplementary Table S3).
The within-module connectivity represents the cohesiveness of each module and the
between-module functional connectivity represents the integration of modules within the
functional connectome. In generating the PBSI we considered cortical thickness, subcortical
volume, functional cohesiveness and functional integration separately because they have
partially distinct genetic, age-related, environmental, and clinical correlates (Glahn et al.,
2010; Miller et al., 2016; Moser et al., 2018; Wen et al., 2016).

2.3. Person-Based similarity index for neuroimaging profiles

The PBSI (Doucet et al., 2019b) is a new and validated method that quantifies the similarity
of the neuroimaging profile of each participant to that of the other members of a study
sample (Supplementary Figure S2). The first step of the process involves the generation of a
neuroimaging profile for each individual (Supplementary Figure S3); this procedure is
independent of diagnosis or sample as it uses only the datasets of each individual. In each
individual, the neuroimaging measures that correspond to each neuroimaging profile are
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concatenated into a single vector. Subsequently, Spearman’s correlation coefficient p are
computed between the neuroimaging profile of each individual to the corresponding profiles
of the other members of a group. This process generates n-1 coefficients per individual,
where n is the total number of individuals in the group. The mean value of these coefficients
for each individual represents their PBSI score for the respective profile. Higher scores
indicate greater similarity between the individual’s profile to that of the other members of
the group.

The PBSI is therefore not a fixed property of an individual’s neuroimaging profile but a
measure of its similarity to the profiles of others. It can be used to quantify the similarity of
a patient’s profile to that of other patients with the same disorder or to that of healthy
individuals. The former provides estimates of within-diagnosis similarity in neuroimaging
profiles and the latter yields estimates of the normativeness of a patient’s profile.
Accordingly, we computed person-based-similarity indices for cortical thickness (PBSI-CT),
subcortical volume (PBSI-SV), module cohesiveness (PBSI-MC) and module integration
(PBSI-M)to estimate within-group similarity for each diagnostic group from each site
sample. Additionally, within each site sample, we computed the person-based similarity
indices between patients and healthy individual to estimate the degree of normativeness of
each patient’s profile for each of the 4 neuroimaging phenotypes (referred to as nPBSI-CT,
nPBSI-SV, nPBSI-MC and nPBSI-MI) (details in Supplementary Material).

We used bootstrap resampling to examine whether the PBSI-CT, PBSI-SV, PBSI-MC and
PBSI-MI scores were sensitive to the contribution of their constituent neuroimaging
measures. To achieve this, we created cortical thickness and module integration profiles for
each individual by randomly grouping their constituent measures in increments of 10; we
then recalculated the PBSI-CT and PBSI-MI 100 times in each diagnostic group within each
site sample. Similarly, we created subcortical volume profiles and module cohesion profiles
for each individual by randomly grouping half of their constituent measures and recalculated
the PBSI-SV and PBSI-MC 100 times for each individual.

Further, in each diagnostic group within each site sample, we quantified the contribution of
each neuroimaging measure to their respective PBSI by using the leave-one-out approach;
this entailed recalculating the PBSI-CT, PBSI-SV, PBSI-MC and PBSI-MI scores for each
individual within each diagnostic group and site sample after leaving out one discrete
neuroimaging measure at a time.

2.4. Variability in discrete brain regions and networks

We computed the coefficient of variation for each neuroimaging measure (i.e., each
subcortical volume, each regional cortical thickness, the cohesiveness of each module and
the connectivity measures of integration each module with all other modules) separately
within each diagnostic group and in each site sample. The coefficient of variation provides
information about the distribution of the values of any given measure in each group; a higher
coefficient of variation for any measure indicates greater variability of that measure.
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2.5. Statistical analyses

All statistical procedures were performed separately for the discovery ISMMS sample and
Yale replication sample using identical procedures implemented in SPSS® v23.0. Across all
the analyses discussed below, the results were considered significant following false-
discovery-rate (FDR) correction for multiple testing (Benjamini and Yekutieli, 2001). We
employed the Kolmogorov-Smirnov test to evaluate data normalcy and implemented
parametric (Student’s £test) or non-parametric tests (Mann Whitney U test), as appropriate,
to identify case-control differences in continuous variables. Group differences in the
distribution of categorical data were examined using chi-square tests. We assessed the
association of PBSI scores with age, sex, and cortical thickness measures in all participants
and, in patients with symptom ratings, and medication status. Lithium was modeled as a
binarised variable (prescribed vs not-prescribed) and daily antipsychotic dose in CPZE was
modeled as a continuous variable. Analyses were also repeated after regressing out age and
sex on the raw morphometric measures and recomputing the PBSI scores. We confirmed the
stability of the results for sample size and composition modeling samples, selecting
subsamples from 50% to 150% in each diagnostic group, 1000 times, using bootstrap
resampling with replacement which enables the generation of boostrap samples larger than
the original and has the advantage of increasing the likelihood that all observations will be
eventually included in the bootstrap samples.

Finally, in the patients only, we also tested the association between the PBSI scores and their
respective normativeness scores for each profile, using Pearson correlation analyses.

3. Results

3.1

Person-based similarity indices of neuroimaging profiles in bipolar disorder

The PBSI-CT, PBSI-SV, PBSI-MC and PBSI-MI scores per diagnostic group and site are
shown in Table 2. There was no significant effect of diagnosis (all pync>0.05) on any PBSI
in either site sample (Fig. 1; Table 2; Supplementary Table S4; Supplementary Figure S4).
There were no differences in any PBSI score when patients with psychosis were compared
to those without psychosis (details in Supplemental Material). The daily antipsychotic dose
or the symptom severity were not correlated with any PBSI in patients in either site sample
(p range: —0.29, 0.24; pync>0.05). Both in the ISMMS discovery and the Yale replication
sample, and within each diagnostic group, the PBSI-SV had the highest mean scores and the
PBSI-MI had the lowest mean scores. Regardless of the diagnosis, age was positively
correlated with the PBSI-MI (ISMMS: r=0.21, pync=0.05) and the replication sample (r=
0.20, punc=0.03) (Supplementary Figure S4A). Regardless of the diagnosis, 1Q was
positively correlated with PBSI-CT (ISMMS: r= 0.33, pync=0.002; Yale: r=10.20,
Punc=0.05) (Supplementary Figure S5B).

We note that these results were robust to sample and remained unchanged when age and sex
were regressed out of each imaging measure prior to recalculation the PBSI scores
(Supplementary Material, Supplementary Figure S6).
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3.2. Contributions t of regional morphometric and functional connectivity measures to
the respective PBSI

Bootstrap resampling showed that no discrete measure appeared to drive any of these scores
within each diagnostic group and site sample (Supplementary Figure S7); this was also
confirmed by the leave-oneout analyses, in which each brain measure was removed and the
PBSI scores were recalculated (Supplementary Table S4). The coefficients of variation for
individual morphometric and functional connectivity measures did not differ by diagnostic
group either in the discovery or replication samples (pync>0.05 for all, Supplementary Table
S6).

3.3. Normativeness of neuroimaging profiles in bipolar disorder

The nPBSI-CT, nPBSI-SV, nPBSI-MC and nPBSI-MI scores of patients, when referenced to
healthy individuals, were generally very high (Table 3) denoting significant similarity
between the neuroimaging profiles of patients and those of healthy individuals. In both site
samples, the nPBSI scores were highly correlated with the PBSI scores (Fig. 2); with
correlation coefficients ranging from 0.87-0.96 for morphometric measures and from 0.71-
0.94 for functional connectivity measures (Supplementary Table S5).

In patients, the daily antipsychotic dose or the symptom severity were not associated with
the normativeness of the patients’ profiles (p range: —0.27, 0.25; pync>0.05). In the ISMMS
sample, the nPBSI-MI was higher in those patients who were prescribed Lithium compared
to those that were not (= 2.2, pync=0.03). This association was not detected in the Yale
sample (pync=0.4), most likely due to insufficient power as only 14% of the patients in that
sample were prescribed Lithium.

4. Discussion

We tested the degree of similarity in brain structure and resting-state functional connectivity
amongst patients with bipolar disorder and between patients and healthy individuals.
Similarity was quantified at the level of neuroimaging profiles and at the level of discrete
brain regions and networks. Similarity in neurocimaging profiles was quantified using the
PBSI, which is an individualized measure that informs about the degree of global similarity
in neuroimaging profiles of each patient to other patients and the degree of similarity
between patients and healthy individuals (normativeness). We found that patients’ profiles
were very similar to each other and showed limited deviation from normative profiles
derived from healthy individuals. We also found that the variability of discrete regional
morphometric measures and resting-state networks was comparable between patients and
healthy individuals. Importantly, these findings were reproducible across two independent
samples.

Current diagnostic classifications emphasize the distinction between bipolar disorder Type |
and Type I, based on the severity and duration of manic symptoms (American Psychiatric
Association, 2013). These clinical subtypes may also vary in their heritability (Song et al.,
2017) and genetic risk factors (Charney et al., 2017). Since the patients included here were
all diagnosed with bipolar disorder Type I, our study does not address the issue of
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heterogeneity in neuroimaging phenotypes between subtypes. Nevertheless, evidence from
large studies undertaken by the bipolar disorder working group of the Enhancing
Neurolmaging Genetics through Meta-Analysis (ENIGMA) Consortium points to a
continuum of increasing severity from Type Il to Type | in terms of subcortical (Hibar et al.,
2016) and cortical morphology (Hibar et al., 2018). Similar large-scale comparisons between
the two subtypes have not been undertaken for resting-state functional connectivity although
individual studies more commonly suggest similarities rather than marked differences (Birur
etal., 2017; Vargas et al., 2013). A further distinction in bipolar disorder, Type I, is often
made based on the presence of psychotic features which have been considered as markers of
etiological (Allardyce et al., 2018) and pathophysiological heterogeneity (Coryell et al.,
2001). Prior neuroimaging studies have found that the presence of psychosis in bipolar
disorder is associated with greater severity of case-control differences primarily in frontal
and temporal cortical thickness (Hibar et al., 2018) and gray matter volume (Altamura et al.,
2017; Maggioni et al., 2017). In our study, the presence of psychotic features did not seem to
introduce greater heterogeneity in any of the neuroimaging measures considered suggesting
that the effect of psychosis on global neuroimaging profiles is subtle.

Prior research has identified patients with bipolar disorder with different cognitive profiles,
along a continuum of severity from those who are cognitively intact, to those having
selective deficits, and those showing global impairment (Bora, 2017; Jensen et al., 2016;
Karantonis et al., 2020). In their critical review of the literature, Green et al. (2019) proposed
that differences in cognitive profiles amongst patients are dimensional rather than categorical
and reflect normal variation in cognitive ability and other non-specific factors such as age.
Here we found that 1Q was positively correlated with PBSI scores for cortical thickness
regardless of diagnosis. In other words, higher 1Q was associated with greater similarity in
cortical thickness profiles. Further, we found a diagnosis-independent correlation between
age and PBSI-MI, which is likely to reflect age-related changes in functional integration
(Meunier et al., 2009). Collectively, these findings suggest that disease-non-specific factors
such as 1Q and age may be more important for variability in neuroimaging profiles of
patients than disease-related mechanisms.

We found no association between any PBSI and treatment with antipsychotic medication. By
contrast, the PBSI-MI of patients who were prescribed Lithium, compared to those who
were not prescribed Lithium, showed greater similarity with the profiles of healthy
individuals. This is an intriguing but tentative finding since we did not obtain serum levels to
confirm adherence. Moreover, medication was not randomly prescribed and consequently
we cannot dissociate between medication effects and selection of patients based on response
to Lithium. Our observations are aligned with proposals that Lithium treatment may
normalize imaging phenotypes; such proposals are primarily based on the association
between Lithium treatment and preservation or normalization of morphometric features in
bipolar disorder (Abramovic et al., 2016; Hajek et al., 2014; Hibar et al., 2018, 2016; Lopez-
Jaramillo et al., 2017; Phillips et al., 2008; Sarrazin et al., 2019).
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4.1. Limitations

We have previously noted limitation regarding the inclusion of patients with bipolar
disorder, Type 1. We focused specifically on morphometry and resting-state connectivity that
shows relatively limited methodological variation across studies and is therefore relevant to
much of the current literature. However, bipolar disorder is associated with abnormalities in
task-related fMRI (Chen et al., 2011; Janiri et al., 2019) and in white matter integrity (Favre
et al., 2019; Koshiyama et al., 2019; Pezzoli et al., 2018). Examination of disorder-related
heterogeneity in these measures is an important aim for future studies. Although we
demonstrated that PBSI is stable to sample size (Supplementary Figure S6), replication of
the results in future studies with larger sample size would bolster their validity.

5. Conclusions

The findings reported here suggest the alterations in brain structure and functional
connectivity associated with bipolar disorder are nested within the normal biological
diversity. Patients in both study samples exhibited close correspondence between their
imaging profiles and those of healthy individuals. These observations are in line with
epidemiological evidence that suggest that bipolar-like symptoms are both prevalent and
widely distributed in the general population (Papachristou et al., 2017; Tijssen et al., 2010a,
2010b) and that syndromal disorder per se may represent the most persistent or severe end of
this distribution (Papachristou et al., 2017; Tijssen et al., 2010a).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Person-Based Similarity Index scoresfor each neuroimaging phenotype.
Panels A-D: Violin plots of the person-based similarity index scores for cortical thickness

(PBSI-CT), subcortical volume (PBSI-SV), module cohesiveness (PBSI-MC) and module
integration (PBSI-MI) in patients with bipolar disorder (BD) and healthy individuals (HI).
There was no statistically significant effect of diagnosis in either the ISMMS discovery or
the Yale replication sample (all />0.05). Panel E: Illustrative example of stacked distribution
of the PBSI-SV and PBSI-MI in the ISMMS Discovery sample (also see Supplementary
Figure S5).
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Fig. 2. Correlations between the nor mative per son-based similarity (nPBSI) scoresand the
person-based similarity scoresin patientswith Bipolar Disorder.

(A) PBSI for subcortical volumes (ISMMS discovery sample: 7= 0.91, p=7 x 1071%; Yale
replication Sample: 7= 0.96, p= 4 x 1074%); (B) PBSI for cortical thickness (ISMMS
discovery sample: r=0.87, p=4.10712; Yale replication sample: r=0.92, p= 9 x 10733);
(C) PBSI for module cohesiveness (ISMMS discovery sample: r=0.71, p= 1075; Yale
replication sample: 7= 0.90, p =3 x 10730); (B) PBSI for module integration (ISMMS
discovery sample: 7= 0.81, p=1079; Yale replication sample: 7= 0.94, p = 1038). Orange:
ISMMS Discovery Sample, Blue: Yale Replication Sample.
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Normative Person-Based Similarity Index (nPBSI) scores in Bipolar Disorder.

Table 3

Neuroimaging Measure  Normative PBSI Scores

Discovery Sample

Subcortical Volume 0.94 (0.02)
Cortical Thickness 0.77 (0.18)
Module Cohesiveness 0.71 (0.06)
Module Integration 0.45 (0.06)

Replication Sample
0.83 (0.02)
0.73 (0.05)
0.63 (0.09)
0.45 (0.07)

All variables are shown as mean (standard deviation).
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