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Abstract

Background: Identifying neural predictors of worsening subthreshold hypomania severity 

can help identify risk of progression to BD . While diffusion Magnetic Resonance Imaging 

(dMRI) studies reported white matter microstructural abnormalities in tracts supporting emotional 

regulation in individuals with BD, it remains unknown whether similar patterns of white matter 

microstructure predict worsening of subthreshold hypomania severity in non-BD individuals.

Methods: dMRI data were collected in: 81 non-BD individuals recruited across a range of 

subthreshold depression and hypomania, and followed for six months; and independent samples 

of 75 BD and 58 healthy individuals. All individuals were assessed using standardized diagnostic 

assessments, mood and anxiety symptom rating scales. Global probabilistic tractography and a 

tract-profile approach examined fractional anisotropy(FA), a measure of fiber collinearity, in tracts 

supporting emotional regulation shown to have abnormalities in BD: forceps minor (FMIN), 

anterior thalamic radiation (ATR), cingulum bundle (CB), and uncinate fasciculus (UF).

Results: Lower FA in left CB (middle,β=−0.22,P=0.022; posterior,β=−0.32,P<0.001), right CB 

(anterior,β=−0.30,P=0.003; posterior,β=−0.27,P=0.005), and right UF (frontal,β=−0.29,P=0.002; 

temporal,β=−0.40,P<0.001) predicted worsening of subthreshold hypomania severity in non-BD 

individuals. BD versus healthy individuals showed lower FA in several of these segments: 
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middle left CB (F=8.7,P=0.004), anterior right CB (F=9.8,P=0.002), and frontal right UF 

(F=7.0,P=0.009). Non-BD individuals with worsening 6-month hypomania had lower FA in these 

three segments versus HC and non-BD individuals without worsening hypomania, but similar FA 

to BD individuals.

Limitations: Relatively short follow-up.

Conclusions: White matter predictors of worsening subthreshold hypomania in non-BD 

individuals parallel abnormalities in BD individuals, and can guide early risk identification and 

interventions.
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INTRODUCTION

Bipolar disorder (BD) is a lifelong condition and a major public health problem, marked by 

high levels of morbidity and mortality (Grande et al., 2016; Organization, 2011). Previous 

studies have reported that early adulthood (18-25 years), family history of mania/hypomania, 

and persistent subthreshold manic, depressive, and/or anxiety symptoms are important risk 

factors for the development of BD (Axelson et al., 2015; Birmaher et al., 2018; Craddock 

and Jones, 1999; Grande et al., 2016; Kerner, 2014). These subthreshold symptoms, in 

particular, have been associated with severe psychological distress and may persist for years 

prior reaching duration and severity criteria for BD in the Diagnostic and Statistical Manual 

of Mental Disorders (DSM-5) (Faedda et al., 2015; Regier et al., 2013; SAMHSA, 2007; 

Skjelstad et al., 2010; Ward et al., 2016). Among these symptoms, hypomania, even when 

subthreshold, has been particularly associated with subsequent progression to BD (Axelson 

et al., 2015; Fiedorowicz et al., 2011; Hafeman et al., 2016). Identifying markers of these 

subthreshold hypomania severity can thus facilitate earlier detection of risk for BD, and aid 

the development of new interventions to delay, or even prevent, worsening of symptoms, 

and, potentially, BD. Neuroimaging techniques provide an unique opportunity to identify 

objective, neural markers reflecting the neurobiological processes underlying worsening of 

subthreshold symptoms and whether they are generalizable or particular for hypomanic, 

depression, or anxiety symptoms.

One neuroimaging technique, diffusion Magnetic Resonance Imaging (dMRI), has reliably 

identified white matter abnormalities in BD (Barnea-Goraly et al., 2009; Benedetti et al., 

2011; Caseras et al., 2015; Emsell et al., 2013; Foley et al., 2018; Ha et al., 2011; Lin 

et al., 2011; Linke et al., 2013; McIntosh et al., 2008; Rozovsky et al., 2021; Santos 

et al., 2021; Sarrazin et al., 2014; Versace et al., 2014). By measuring the diffusivity 

properties of water in the brain, dMRI assesses the white matter microstructure that 

supports complex neurobiological processes, and can thereby provide insights into neural 

mechanisms associated with BD (Barnea-Goraly et al., 2009; Benedetti et al., 2011; Caseras 

et al., 2015; Emsell et al., 2013; Foley et al., 2018; Ha et al., 2011; Jones and Leemans, 

2011; Lin et al., 2011; Linke et al., 2013; McIntosh et al., 2008; Rozovsky et al., 2021; 

Santos et al., 2021; Sarrazin et al., 2014; Versace et al., 2014). Most dMRI studies employed 
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Fractional anisotropy (FA), an index of water directionality reflecting the integrity and/or 

collinearity of the fibers in white matter tracts (Jones and Leemans, 2011). Existing findings 

indicate lower FA relative to healthy individuals in white matter tracts connecting prefrontal 

cortical and other cortical regions important for emotional regulation (Barnea-Goraly et 

al., 2009; Benedetti et al., 2011; Caseras et al., 2015; Emsell et al., 2013; Foley et al., 

2018; Ha et al., 2011; Lin et al., 2011; Linke et al., 2013; McIntosh et al., 2008; Santos et 

al., 2021; Sarrazin et al., 2014; Versace et al., 2014), including the forceps minor (FMIN) 

(Barnea-Goraly et al., 2009; Versace et al., 2014), anterior thalamic radiation (ATR) (Lin 

et al., 2011; Rozovsky et al., 2021), cingulum bundle (CB) (Benedetti et al., 2011; Emsell 

et al., 2013; Santos et al., 2021; Sarrazin et al., 2014; Versace et al., 2014), and uncinate 

fasciculus (UF) (Benedetti et al., 2011; Caseras et al., 2015; Foley et al., 2018; Ha et al., 

2011; Lin et al., 2011; Linke et al., 2013; McIntosh et al., 2008; Versace et al., 2014). A 

study published by the ENIGMA network used Tract-Based Spatial Statistics (TBSS) to 

compare BD and healthy participants in over 40 regions of interest using FA. This study 

showed that BD participants had lower FA in 29 regions relative to healthy controls, with 

the CB and FMIN being among the regions with the largest effect sizes (Favre et al., 

2019). Other studies have also shown that FA abnormalities are present in relatives of those 

with BD, which further highlights FA as a reasonable measure to study BD (Frazier et 

al., 2007; Ganzola et al., 2018; Versace et al., 2010). Diffusion properties are not uniform 

along tracts, however. In contrast to TBSS, tract-profile approaches (Wasserthal et al., 

2018a; Wasserthal et al., 2018b; Yeatman et al., 2012) can identify which tract segments 

are most associated with outcomes of interest, to inform understanding of the specific gray 

matter regions whose connections run through these white matter segments, and, in turn, 

provide more focal neural targets for novel neuromodulation interventions (e.g., Theta Burst 

Stimulation, TBS, or transcranial Direct Current Stimulation, tDCS) (Dondé et al., 2017; 

Ferrarelli and Phillips, 2021; Safadi et al., 2018). Using tract-profile approaches, we showed 

that individuals with BD had lower FA in the anterior segment of right CB relative to healthy 

individuals (Rozovsky et al., 2021). It remains unknown, however, whether these neural 

abnormalities predict worsening of subthreshold hypomania. While there are some reports 

of functional neural predictors of worsening of subthreshold hypomania in individuals 

(Eckstrand et al., 2021), no study to our knowledge has determined the extent to which focal 

or widespread abnormalities in white matter tracts supporting emotional regulation predict 

worsening of these symptoms. Thus, knowledge of the white matter predictors of worsening 

of subthreshold hypomania remains limited.

The aims of this longitudinal study were twofold. First, we aimed to identify white matter 

predictors of worsening subthreshold hypomania severity in non-BD individuals. To this 

end, we used global probabilistic tractography and a tract-profile approach to examine FA in 

white matter tracts supporting emotional regulation previously shown to be abnormal in BD, 

the FMIN, ATR, CB and UF. Second, we evaluated the extent to which these white matter 

markers differentiated non-BD, BD and healthy individuals, to draw parallels between white 

matter predictors of worsening of subthreshold hypomania and abnormalities characterizing 

BD. This approach allowed us to identify specific neural markers of BD risk that were also 

associated with BD, and thus likely reflected neural marker predictors of future progression 

to BD. We hypothesized that: 1. lower fiber collinearity in frontal segments of white matter 
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tracts supporting emotional regulation would predict worsening of subthreshold hypomania 

severity six months later in non-BD individuals; and 2. individuals with BD, and non-BD 

individuals showing worsening hypomania severity six months later, would show lower fiber 

collinearity in these segments relative to a separate group of healthy individuals, while BD 

and these non-BD individuals would show no such differences.

METHODS AND MATERIALS

Participants.

Eighty-one non-BD individuals (ages=18-30, mean[SD]=21.9[2.7] years) were recruited 

through the Dimensions of Affect, Mood, and Neural Activity Associated with Distress 

(DIAMOND) study (R37MH100041, PI: Phillips), across a range of subthreshold 

hypomanic (and depressive) symptoms. All individuals were right-handed. Bipolar spectrum 

disorders were excluded using the Structured Clinical Interview for DSM-5 (SCID) (First, 

2014; First et al., 2015).

Seventy-five individuals with BD (ages=8-30, mean[SD]=21.5[5.3] years) were recruited 

through the Course and Outcome of Bipolar Youth (COBY, R01MH059929; PIs: Birmaher, 

Phillips, Versace), Bipolar Offspring Study (BIOS; R01MH060952; PIs: Birmaher and 

Phillips) studies and DIAMOND. COBY and BIOS are both longitudinal studies, with 

COBY examining neural predictors of different clinical courses of BD from childhood to 

adulthood, while BIOS assessed neural predictors of BD or psychopathology in general in 

offspring of BD and non-BD parents. Fifty-eight age and sex-matched healthy individuals 

(HC; ages=10-35, mean[SD]=21.6[6.2] years) with no Axis-I diagnoses were also recruited 

across these studies. BD and HC individuals were right-handed. Demographic and clinical 

characteristics are in Table 1 (Supplementary information for exclusion criteria).

Data in subsamples of DIAMOND, COBY and BIOS were previously published in separate 

studies focusing on different questions (Acuff et al., 2019; Greenberg et al., 2021; Rozovsky 

et al., 2021; Santos et al., 2021), but no study combined data from these studies under 

the same tractography approach to determine whether white matter predictors of worsening 

of subthreshold hypomania severity in individuals parallel white matter abnormalities in 

individuals with established BD.

All studies obtained approval from the Office of Research Protections at the University of 

Pittsburgh.

Clinical Assessments.

Non-BD individuals were assessed at the time of the scan (baseline) and 6-month follow-up 

to assess clinically-relevant changes in mood symptoms (Excellence, 2009). At both time 

points, the SCID-5 was used to determine diagnostic status, and the Young Mania Rating 

Scale (YMRS) (Young et al., 1978) and the Hamilton Depression Rating Scale (HAM-D) 

(HAMILTON, 1960), to assess hypomanic and depressive symptom severity. The Hamilton 

Anxiety Rating Scale (HAM-A) (Hamilton, 1959) was used to evaluate anxiety severity, as 

anxiety also precedes BD (Duffy et al., 2010). Medication details were noted at scan and 

6-month follow-up.
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In BD and HC individuals, information (yes/no) on antidepressant, antipsychotic, and mood 

stabilizer usage was collected at scan. Age of BD onset and lifetime history of non-BD 

psychiatric disorders (Depression, Anxiety, and Attention Deficit Hyperactivity Disorder - 

ADHD) was also evaluated using the SCID for DSM-4 (Supplementary information for 

other clinical assessments in BD and HC individuals) (First and Gibbon, 2004).

Neuroimaging data.

dMRI acquisition protocols for each study and preprocessing steps are described in 

the Supplementary information. In brief, diffusion-weighted images were corrected for 

eddy current, subject motion, and echo planar imaging distortion using topup and eddy 

(Andersson et al., 2003; Smith et al., 2004). After preprocessing, dMRI bundle-specific 

tractography for seven white matter tracts in emotion regulation circuitries (FMIN and left 

and right ATR, CB, and UF) was performed using TractSeg (Wasserthal et al., 2018a; 

Wasserthal et al., 2018b), a convolutional neural network (CNN) approach that segments 

white matter tracts using fiber orientation distribution function (fODF) peaks, derived using 

Mrtrix-3 (Tournier et al., 2019). CNN is a state-of-art deep learning model used for the 

identification and classification of complex patterns in images (Wasserthal et al., 2018a; 

Wasserthal et al., 2019; Wasserthal et al., 2018b). Overall mean FA and nodal values 

were extracted for each tract as measures of the collinearity of the fibers across (mean) 

and along (tract-profile) the tract, using 10 consecutive nodes, each node covering 10% 

of the entire tract. To explore the contribution of other white matter tracts in predicting 

hypomania severity at 6 months, 39 additional, non a priori tracts were also reconstructed 

(Supplementary information for additional details). The effect of movements (translation and 

rotation) on mean FA for all reconstructed tracts was examined using Multivariate analysis 

of covariance (MANCOVA) and, in case of a significant effect, average translation and/or 

rotation were included as covariates in the statistical analyses. In addition, to help interpret 

FA findings, Axial Diffusivity (AD) and Radial Diffusivity (RD) maps were also calculated, 

as they reflect the displacement of water molecules along (AD) or perpendicular (RD) to 

the principal diffusion direction (Jones and Leemans, 2011), with higher RD in particular 

thought to reflect greater dispersion of fibers and/or myelin damage (Aung et al., 2013). The 

effects of different scanner protocols in FA, AD, and RD metrics were harmonized using the 

ComBat toolbox, as previously done (Fortin et al., 2017; Jalbrzikowski et al., 2021; Versace 

et al., 2021). ComBat is batch-effect correction tool that minimize the variance introduced 

by different MRI protocols (Core Team, 2017; Fortin et al., 2017). After harmonization, the 

effect of scanner protocol was negligible (P>0.050) in the distressed non-BD sample (F=0.6, 

P=0.778) and BD/HC sample (F=0.6, P=0.689).

Statistical analyses.

We used R to perform a two-level analytic approach, as described below (Core Team, 

2017). Evaluation of clinical scores (YMRS, HAM-D, and HAM-A) revealed a non-normal 

distribution (Shapiro-Wilk test, P<0.05) in the non-BD sample. Consequently, to test our 

main hypothesis, we performed Friedman’s tests instead of standard ANOVA and negative 

binomial regression instead of linear regression (Core Team, 2017). Given the known effects 

of age (Kochunov et al., 2012; Lebel et al., 2012; Westlye et al., 2010) and sex (Simmonds 

et al., 2014) on white matter, these variables were included as covariates. In addition, 
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mean translation was included as a covariate as it showed a main effect on mean FA of 

reconstructed tracts (Supplementary information) (Yendiki et al., 2014). False Discovery 

Rate (FDR P < 0.05) (Benjamini and Hochberg, 1995) accounted for multiple testing.

Level 1 analysis.—To identify the neural predictors of worsening subthreshold 

hypomania severity in non-BD individuals, we first assessed whether there was a significant 

change in YMRS scores over time (baseline to 6 months later). Then, after accounting 

for age, sex, mean translation, and severity of subthreshold hypomania severity at baseline 

(independent variables), seven independent negative binomial regression models were used 

to assess the main effect of mean FA on hypomania severity 6 months later (dependent 

variable), with one model for each tract of interest (FMIN and left and right ATR, CB, UF).

Tract-profile analyses.: For those tracts in which, after FDR correction, there was a 

significant relationship between mean FA (across the entire tract) and hypomania severity 

6 months later, nodal FA values (tract-profile; 10 consecutive nodes) were used in negative 

binomial regression models to determine if the above findings were focal or widespread. 

If two or more consecutive nodes survived FDR correction (across 10 nodes) in each tract, 

mean FA across these nodes was used to identify node clusters for use in analyses in Level 

2. Mean AD and RD were also extracted from these identified node clusters to determine 

whether AD and RD in these node clusters predicted hypomania severity 6 months later, 

using models as above.

Controlling for other symptoms at baseline.: To evaluate the effects of baseline depressive 

and anxiety symptoms in the hypomania prediction models performed above, depressive 

(HAM-D) and anxiety (HAM-A) symptom severity at baseline were included as covariates 

in additional regression models.

Level 2 analysis.—Analysis of covariance (ANCOVA) compared FA between BD and HC 

individuals in node clusters in tracts identified in Level 1 analysis. Covariates were: age, sex, 

and mean translation.

To determine the extent to which non-BD individuals with increasing versus those with 

non-increasing hypomania severity differed from either HC or BD individuals in FA in 

node clusters showing significant differences in FA between these two groups, non-BD 

individuals were first divided into two groups: 1) those who showed an increase in 

hypomania severity over 6 months, and 2) those who showed no change or decreasing 

hypomania severity over 6 months. A four (group) x one (FA in node cluster) ANCOVA then 

compared FA between groups in each node cluster showing differences between BD and HC 

individuals. Covariates were: age, sex, and mean translation. FDR accounted for multiple 

testing.

Sensitivity analyses—To assess whether FA in node clusters predicted other symptoms, 

depressive (HAM-D) or anxiety (HAM-A) symptom severity 6 months later were dependent 

variables in additional regression models described in Level 1 analysis.
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Additional analyses also evaluated the effect of starting new medications between visits 

on hypomania, depression, and anxiety severity 6 months later. Baseline symptom severity 

was a covariate. These analyses were performed excluding non-BD individuals who started 

medications between visits.

Comparison of FA between BD and HC (and among BD, HC and non-BD) groups in node 

clusters showing differences in FA between BD and HC (and among BD, HC and non-BD) 

groups in the main analyses above was also performed including only individuals older than 

18 years.

Exploratory analyses—In non-BD individuals, additional analyses explored the effects 

of age and sex on hypomania severity at 6 months.

In individuals with BD, analyses evaluated relationships among FA in node clusters showing 

abnormal FA relative to HC individuals (as well as with FA in node clusters showing 

relationships with future hypomania or other symptom severity) and medication classes (yes/

no), lifetime history of non-BD diagnoses (depression, anxiety, and ADHD), hypo/manic, 

depressive and anxiety symptoms, age of onset, and BD illness duration.

In all three main groups, analyses explored the effects of age and sex on FA in the above 

node clusters.

RESULTS

Level 1 analysis.

Friedman’s test revealed a significant increase in YMRS scores over time (Table 1). 

Regression models revealed that lower mean FA of three white matter tracts were associated 

with worsening subthreshold hypomania 6 months later: left CB, right CB, and right UF 

(Table 2).

Tract-profile analyses.—Six focal segments were identified in which lower FA was 

associated with worsening subthreshold hypomania 6 months later: left CB middle and 

posterior clusters, right CB anterior and posterior clusters, right UF frontal and temporal 

clusters (Table 2, Figure 1, Supplementary Figure 1). There was no association between AD 

and RD and subthreshold hypomania severity 6 months later (Supplementary Table 1).

Controlling for other symptoms at baseline.—After including baseline depression 

and anxiety severity as covariates, analyses revealed similar results, with all six node clusters 

being significantly associated with 6-month hypomania severity (Supplementary Table 2).

Level 2 analysis.

Relative to HC individuals, individuals with BD showed significantly lower FA in the left 

CB middle cluster, right CB anterior cluster, and right UF frontal cluster (Table 3A; Figure 

2).

Santos et al. Page 7

J Affect Disord. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Thirty-four non-BD individuals showed an increase in hypomania severity over time, while 

47 showed a decrease or no change. There was a significant main effect of group (non-BD 

non-increasing hypomania severity, non-BD increasing hypomania severity, BD, and HC) 

on FA in the 3 node clusters showing differences in FA between BD and HC individuals 

(Table 3B). Across these 3 node clusters, HC showed the highest FA, followed by non-BD 

with decreasing or no changes in hypomania severity, non-BD with increasing hypomania 

severity, and BD (Figure 3; Supplementary Table 3).

Sensitivity analyses

There was no difference in HAM-D and HAM-A scores between visits (Table 1). There 

was no association between FA in node clusters and either depressive or anxiety symptom 

severity 6 months later (Supplementary Table 4).

In non-BD individuals, those who started taking antidepressants between visits (N=9) 

showed higher hypomania severity 6 months later (mean[SD]=3.7[2.8]; P=0.009) than 

those who were not taking antidepressants (N=71, mean[SD]=1.7[2.1]). One participant 

reported taking antidepressants at both visits. There was no association between starting 

antidepressants and depressive (P=0.161) or anxiety (P=0.221) severity 6 months later. 

Sensitivity analyses excluding individuals who were taking antidepressants showed findings 

consistent with those reported in Level 1 analysis (Supplementary Table 5).

Sensitivity analyses including only BD, non-BD and HC individuals older than 18 years 

revealed a similar trend of reduced FA in BD (Supplementary Table 6 and 7).

Exploratory analyses

In non-BD individuals, younger age at scan was associated with worsening hypomania 

severity 6 months later (P=0.002). Sex showed no association with symptom severity 6 

months later (Supplementary Table 8).

In individuals with BD, there was a significant effect of antidepressants on FA of three node 

clusters, indicating that BD individuals taking versus those not taking antidepressants had 

lower FA in these node clusters; however, these findings did not survive FDR correction 

(Supplementary Table 9). There was no effect of lifetime history of non-BD psychiatric 

disorders on FA in node clusters (Supplementary Table 10). There were trend negative 

correlations between hypo/mania severity, and BD illness duration, and FA in the right CB 

anterior cluster; and a positive correlation between depression severity and FA in the right 

UF frontal cluster, which did not survive FDR correction (Supplementary Tables 11 and 12). 

There were no relationships between age of onset (Supplementary Table 13) and FA in node 

clusters.

There was no effect of sex and age on FA of node clusters in all groups (Supplementary 

Table 14).
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DISCUSSION

The current study employed global probabilistic tractography and a tract-profile approach 

to identify white matter predictors of worsening of subthreshold hypomania severity in 

non-BD individuals, and the extent to which these neural predictors paralleled abnormalities 

in an independent sample of individuals with BD. In support of our first hypothesis, lower 

collinearity of the fibers in the left/right CB and right UF was associated with worsening 

subthreshold hypomania severity six months later. These abnormalities were focal, including 

clusters in the middle and posterior left CB, anterior and posterior right CB, and frontal 

and temporal right UF. These relationships were specific to hypomania, and were not shown 

for changes in depression or anxiety. In support of our second hypothesis, individuals with 

BD showed lower FA in three of the six clusters (middle left CB, anterior right CB, and 

frontal right UF). Furthermore, the overall pattern of FA in these three clusters was for 

non-BD individuals with increasing hypomania severity at 6 months to have lower FA in 

these three clusters than HC individuals and non-BD individuals with decreasing/no change 

in hypomania severity at 6 months, demonstrating a parallel between white matter predictors 

of worsening subthreshold hypomania severity in non-BD individuals and white matter 

abnormalities associated with BD.

Other studies consistently reported lower FA in the CB and UF in BD relative to healthy 

individuals (Benedetti et al., 2011; Caseras et al., 2015; Lin et al., 2011; Versace et al., 

2014; Von Der Heide et al., 2013). However, to the best of our knowledge, the present 

study is the first to show similarities between white matter predictors of worsening of 

subthreshold hypomania severity in non-BD individuals and white matter abnormalities 

in individuals with established BD. Furthermore, these predictive findings in non-BD 

individuals were associated only with worsening hypomania and not generalizable to 

changes in depressive and anxiety symptoms, suggesting that neural processes predisposing 

to worsening hypomania parallel those associated with BD. Our tract-profile findings 

further suggest that abnormalities in these tracts were focal rather than widespread. 

These segments include fibers connecting regions that have been associated with two 

main neural systems supporting emotional processing and regulation: ventral and dorsal 

systems (Heilbronner and Haber, 2014). While the dorsal system is largely important for 

the regulation of different emotional states and associated behaviors, the ventral system 

evaluates and evokes emotional responses in emotional contexts (Phillips et al., 2003a, b). 

These findings thus indicate that neural predictors of worsening of subthreshold hypomania 

in non-BD individuals dorsal (CG antero-middle clusters) and ventral systems (CG posterior 

clusters and UF clusters), likely reflecting dysregulated emotional responses and abnormal 

sensitivity to emotional contexts, respectively (Phillips et al., 2003a, b). Interestingly, only 

FA, and not AD or RD in these tract segments, predicted worsening of subthreshold 

hypomania, suggesting that neural processes predisposing to worsening hypomania involve 

lower fiber collinearity, and related connectivity, rather than greater fiber dispersion or 

myelin damage in these tract segments.

Only the antero-middle CB and frontal UF segments (Phillips et al., 2008) showed FA 

reductions in individuals with BD, paralleling our finding that white matter abnormalities 

in BD were restricted to the anterior segment of the right CB (Rozovsky et al., 2021). 
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Non-BD and BD individuals showed no differences in FA in these segments. These tracts 

connect prefrontal cortical regions implicated in evaluation of emotional contexts (UF) and 

emotional regulation processes (Phillips et al., 2008). There were also non-significant trends 

for negative relationships between FA in the anterior right CB and hypo/mania severity 

(DIAMOND; BIOS) and illness duration (all studies) in BD individuals (Supplementary 

Tables 8 and 10). The absence of FA abnormalities in posterior CB and temporal UF in 

individuals with BD suggests that the predictive relationships among lower FA in these 

segments and worsening hypomania in non-BD individuals might reflect neurobiological 

processes related to emotional dysregulation in general rather than hypomania and BD 

specifically.

We used a novel combination of three study samples and data harmonization techniques, 

but there were limitations to the study. The design of this study aimed to examine the 

relationship between future subthreshold hypomania and white matter FA. However, our 

prediction model was not validated in an independent sample of non-BD participants. 

Future studies are needed to validate the prediction model identified in this study. Although 

non-BD individuals showed relatively low scores in the YMRS at baseline and six months, 

subthreshold symptoms, even when associated with low scores, have been identified as 

important predictors of BD onset (Fiedorowicz et al., 2011; Hafeman et al., 2017). In 

addition, this is an on-going longitudinal study and collection of additional timepoints is 

expected to capture larger changes in these symptoms. Thus, future studies with longer 

follow-ups are needed. Furthermore, while sensitivity analyses excluding individuals who 

were taking antidepressants showed findings consistent with our main findings, future 

longitudinal follow-up studies with larger numbers of individuals starting medications can 

evaluate the effects of such new medications on relationships among white matter markers 

and progression of symptoms While some BD participants and HC were younger than the 

non-BD individuals, similar patterns of abnormally reduced FA in BD participants were 

observed after excluding the younger BD and HC. Although BD and HC individuals were 

matched for sex, there was a higher proportion of females in non-BD individuals than in the 

other two groups. There was no effect of sex in predicting hypomania severity at 6 months, 

however. While younger age at scan predicted greater hypomania severity at 6 months, there 

was no significant effect of age on FA in white matter segment predictors of worsening 

of hypomania severity. Many individuals with BD were medicated. Antidepressants were 

associated with lower FA in some node clusters, indicating that such medication might 

have contributed to the pattern of lower FA in node clusters individuals with BD. It is, 

however, likely that individuals taking such medication had a more severe illness. Thus, 

the pattern of lower FA in these node clusters might reflect illness severity rather than 

antidepressant medication. Medication did not significantly contribute to the pattern of white 

matter abnormalities overall, however. Future studies with larger samples should evaluate the 

effect of family history of BD on relationships among these neural markers and progression 

of symptoms, as this was beyond the scope of the present study.

Our findings indicate that patterns of focal white matter abnormalities associated with BD 

predict worsening of subthreshold hypomania, an important predictor of risk for BD, in 

non-BD individuals, and thus might predispose to future BD. These neural predictors can 

provide targets to facilitate early BD diagnosis, monitor existing treatments, and aid the 
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development of novel interventions, to help improve clinical and psychosocial outcomes in 

BD at-risk individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Lower FA in CB and UF predicted worsening hypomania severity in non-BD individuals

Non-BD with worsening hypomania severity and BD showed lower FA than HC 

individuals

Non-BD with worsening hypomania severity showed similar FA patterns to BD 

individuals
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Figure 1. White matter predictors of worsening of subthreshold hypomania severity in non-BD 
individuals.
Panels A, B, and C show the reconstructed left CB, right CB, and right UF using TractSeg. 
Panels D, E, and F show node clusters (in yellow) in the left CB (middle, size=30% of the 

tract; posterior, size=20%), right CB (anterior, size=30% of the tract; posterior, size=20%), 

and right UF (frontal, size=10% of the tract; temporal, size=30%). The background is the 

standard MNI-152 1 mm brain. Red-Yellow color bar represents the range of p values after 

FDR correction.
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Figure 2. White matter differences between BD and HC individuals.
Figure 2 shows error-bar plots that depict the group difference upon FA in the 58 HC 

(blue color) and 75 BD individuals (orange color). Braces and asterisks show p-values that 

survived FDR correction. Panels show the node clusters. The background in the panels is the 

standard MNI-152 1 mm brain. Error bars show 95% confidence intervals. Abbreviations: 

CB, cingulum bundle; UF, uncinate fasciculus; HC, healthy control; BD, bipolar disorder; 

FA, Fractional Anisotropy; FDR, False Discovery Rate.
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Figure 3. Between-group differences in FA of node clusters identified in Level 2 analysis.
Panels A-C depict the between-group differences in FA of node cluster identified in Level 

2 analysis (Panels A, Left CB ; Panels B, Right CB; Panels C, Right UF) including all 

participants. Fifty-eight HC (green color), 47 non-BD with decreasing or no changes in 

hypomania severity (light blue color), 34 non-BD with increasing hypomania severity 

(blue color), and 75 BD (dark blue color) were included in the analyses. Asterisks 

show significant p-values for indicated between-group comparisons. Error bars show 95% 

confidence intervals. Abbreviations: FA, fractional anisotropy; CB, cingulum bundle; UF, 

uncinate fasciculus.
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Table 1.

Demographic and clinical characteristics

Demographic and clinical information for Non-BD individuals (N=81)

Variable Baseline 6-month Baseline vs 6-
month testing

Sex
a

 Female, No. (%) 59 (72.8%) - -

 Male, No. (%) 22 (27.1%) - -

Age (years) - mean (SD)
b 21.9 (2.7) - -

YMRS - mean score (SD)
c 1.44 (1.6) 1.94 (2.2) χ2=4.9 (P=0.026)

HAM-D - mean score (SD)
c 8.27 (8.6) 8.21 (6.1) χ2=2.0 (P=0.157)

HAM-A - mean score (SD)
c 6.89 (7.5) 6.19 (6.2) χ2=0.5 (P=0.473)

Taking medications

 Antidepressants, No. (%) 1 (1.2%) 10 (12.3%) -

 Antipsychotics, No. (%) 0 (0.0%) 0 (0.0%) -

 Mood stabilizers, No. (%) 0 (0.0%) 1 (1.2%) -

Demographic and clinical information for BD and healthy individuals

Variable BD (N=75) HC (N=58) BD vs HC testing

Sex
a

 Female, No. (%) 33 (44.0%) 25 (43.1%) χ2<0.1 (P=0.999)

 Male, No. (%) 42 (56.0%) 33 (56.9%)

Age (years) - mean (SD)
b 21.5 (5.3) 21.6 (6.3) t=0.1(P=0.913)

Age of BD onset – mean (SD) 10.4 (4.7) - -

BD illness duration – mean (SD) 11.2 (7.0) - -

Lifetime history of non-BD psychiatric disorders

 Depression, No. (%) 14 (18.7%) 0 (0.0%) -

 Anxiety, No. (%) 51 (68.0%) 0 (0.0%) -

 ADHD, No. (%) 29 (38.7%) 0 (0.0%) -

Taking medications at scan

 Antidepressants, No. (%) 19 (25.3%) 0 (0%) -

 Antipsychotics, No. (%) 21 (28.0%%) 0 (0%) -

 Mood stabilizers, No. (%) 27 (36.0%) 0 (0%) -

Abbreviations: BD, bipolar disorder; HC, healthy control; YMRS, Young Mania Rating Scale; HAM-D, Hamilton Depression Rating Scale; 
HAM-A, Hamilton Anxiety Rating Scale.

a
There was a significant sex difference between non-BD and HC (χ2=11.2, P<0.001) and non-BD and BD (χ2=12.2, P<0.001).

b
There was no age difference between non-BD and BD (t=0.6, P=0.534) or non-BD and HC (t=0.4, P=0.721).

c
Friedman’s test was used for these analyses.
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Table 2.

White matter predictors of worsening of subthreshold hypomania severity at 6-month follow-up.

Level 1 analysis - Tracts 
a 

White matter tract β SE IRR 95% CI P
b

FDR P
b,c

FMIN −0.19 0.10 0.83 0.67 - 1.01 0.062 0.072

Left ATR −0.21 0.10 0.81 0.66 - 0.99 0.044 0.063

Right ATR −0.13 0.11 0.88 0.71 - 1.07 0.199 0.199

Left CB −0.22 0.10 0.80 0.67 - 0.96 0.017 0.047

Right CB −0.25 0.10 0.78 0.64 - 0.92 0.004 0.028

Left UF −0.20 0.10 0.82 0.67 - 0.99 0.045 0.063

Right UF −0.24 0.10 0.79 0.64 - 0.96 0.020 0.047

Level 1 analysis - Node clusters 
a 

Cluster β SE IRR 95% CI P
b

FDR P
b,c

Left CB - Middle Cluster (size=30%) −0.22 0.09 0.80 0.67 - 0.97 0.022 0.022

Left CB - Posterior cluster (size=20%) −0.32 0.09 0.73 0.61 - 0.86 <0.001 0.001

Right CB - Anterior Cluster (size=30%) −0.30 0.10 0.74 0.61 - 0.91 0.003 0.004

Right CB - Posterior cluster (size=20%) −0.27 0.10 0.76 0.62 - 0.93 0.005 0.007

Right UF - Frontal cluster (size=10%) −0.29 0.10 0.75 0.56 - 0.90 0.002 0.004

Right UF - Temporal cluster (size=30%) −0.40 0.10 0.67 0.55 - 0.81 <0.001 <0.001

Abbreviations: SE, Standard error; IRR, Incidence-rate ratios; CI, Confidence interval; FDR, False discovery rate; ATR, anterior thalamic radiation; 
FMIN, forceps minor; CB, cingulum bundle; UF, uncinate fasciculus.

a
Age, sex, mean translation, and severity of hypomania severity at baseline were used as covariates.

b
P values ≤ 0.05 are reported in bold characters.

c
FDR corrected P values.
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Table 3A-B.

Between group differences in FA (BD versus HC) using node clusters FA.

Table 3A - BD x HC

Cluster F P
a

FDR P
a,b

Left CB - Middle Cluster
c 8.70 0.004 0.011

Left CB - Posterior cluster
c 1.90 0.172 0.206

Right CB - Anterior Cluster
c 9.80 0.002 0.011

Right CB - Posterior cluster
c 4.60 0.035 0.052

Right UF - Frontal cluster
c 7.00 0.009 0.018

Right UF - Temporal cluster
c 0.40 0.513 0.513

Table 3B - HC x Non-BD increasing hypomania severity x non-BD increasing hypomania severity x BD

Cluster F P
a

FDR P
a,b

Left CB - Middle Cluster 3.00 0.034 0.037

Right CB - Anterior Cluster 2.90 0.037 0.037

Right UF - Frontal cluster 4.90 0.002 0.006

Abbreviations: BD, Bipolar Disorder; HC, healthy control; FDR, False discovery rate; CB, Cingulum bundle; UF, uncinate fasciculus.

a
P values ≤ 0.05 are reported in bold characters.

b
FDR corrected P values.

c
BD showed lower FA than HC individuals in this node cluster.
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