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Abstract

Altered white matter (WM) microstructure likely occurs in children with bipolar disorder (BD) 

with impulsivity representing one of the core features. However, altered WM microstructures 

and their age-related trendlines in children with BD and those at high-risk of developing BD, 

as well as correlations of WM microstructures with impulsivity, have been poorly investigated. 

In this study, diffusion MRI, cognitive, and impulsivity assessments were obtained from children/

adolescents diagnosed with BD, offspring of individuals with BD (high-risk BD) and age-matched 

healthy controls. A novel atlas-based WM skeleton measurement approach was used to quantify 

WM microstructural integrity with all diffusion-tensor-imaging (DTI) metrics including fractional 
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anisotropy, axial, mean and radial diffusivity to survey entire WM tracts and ameliorate partial 

volume effects. Among all DTI-derived metric measures, radial diffusivity quantifying WM 

myelination was found significantly higher primarily in corpus callosum and in the corona 

radiata in children with BD compared to controls. Distinguished from age-related progressively 

decreasing diffusivities and increasing fractional anisotropy in healthy controls, flattened age-

related trendlines were found in BD group, and intermediate developmental rates were observed 

in high-risk group. Larger radial diffusivity in the corpus callosum and corona radiata significantly 

correlated with shorter response times to affective words that indicate higher impulsivity in the BD 

group, whereas no such correlation was found in the healthy control group. This work corroborates 

the progressive nature of pediatric BD and suggests that WM microstructural disruption involved 

in affective regulation and sensitive to impulsivity may serve as a biomarker of pediatric BD 

progression.
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1. Introduction

Bipolar disorder (BD) is a devastating illness characterized by extreme mood swings, 

including emotional highs (mania) and lows (depression) (MacQueen et al., 2001; Quraishi 

and Frangou, 2002; Simonetti et al., 2019). Individuals with BD are usually accompanied 

by significant cognitive impairments, including psychomotor retardation, impaired executive 

function, declarative memory, visual memory, and attention (Sanches et al., 2015). Pediatric 

BD portends greater chronicity, comorbidity, a more progressive worsening course, and 

greater resistance to medication than adult-onset BD (Janiri et al., 2021). Symptoms of 

pediatric BD include chronic irritability, anger outbursts, increased energy, frequent mood 

swings, and impulsivity (Janiri et al., 2021). Impulsivity represents an early marker of 

bipolarity (e.g. Goldstein et al., 2005; Simonetti et al., 2021; Wessa et al., 2015), and 

is linked to other behavioral alterations in bipolar youth such as drug abuse, anger 

outburst, risky and self-harm behaviors (Najt et al., 2007). Impulsivity could be assessed 

with rating scales (Strasser et al., 2016), or through behavioral tasks such as Go/No-

go paradigms (Torres et al. 2013). Other than behavioral manifestations, brain white 

matter (WM) abnormalities play an important role in the neurobiology of BD based on 

converging evidence from neuropathology, genetics, and neuroimaging (Mahon et al., 2010). 

Impulsivity has been well linked to WM microstructure in other brain disorders (e.g. Huber 

et al., 2021; Huang et al., 2020) and in healthy populations (e.g. Ikuta et al., 2018). 

However, there are only a few pediatric BD WM studies and little information about 

quantitative relationships between impulsivity and WM microstructural abnormalities in 

pediatric BD. Identifying the brain WM abnormalities in pediatric BD and their correlation 

with impulsivity may offer informative biomarkers for early intervention.

Diffusion tensor imaging (DTI) (Basser et al., 1994), one type of magntic resonance imaging 

(MRI), can effectively reveal brain WM microstructural changes by probing the diffusion 

of water molecules within fiber bundles. Despite that DTI-derived fractional anisotropy 
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(FA) (Beaulieu, 2002; Pierpaoli et al, 1996) has been most widely used to quantify WM 

microstructural integrity, other DTI-derived metrics including mean diffusivity (MD), radial 

diffusivity (RD), and axial diffusivity (AxD) offer complementary WM microstructural 

properties. For example, RD changes have been considered to be more specifcally linked to 

WM myelin change (Ouyang et al., 2019a; Song et al., 2003;). DTI-based microstructural 

measurements have been indicative of the underlying neurodevelopment such as myelination 

and axonal growth (Dubois et al., 2008; Dubois et al., 2014; Jeon et al., 2015; Lebel et al., 

2012, 2018; Yu et al., 2020) in typical brain development, as well as WM microstructural 

alteration in a wide range of pediatric brain disorders such as autism (e.g. Ouyang et al., 

2016; Travers et al., 2012), schizophrenia (e. g. James et al., 2011; White et al., 2009), 

and BD (e.g. Cabeen et al., 2018; Pavuluri et al., 2009). In adult BD, DTI studies have 

also suggested microstructural alterations in several WM tracts such as the limbic tracts 

(Barysheva et al., 2013), the corona radiata (CR) and corpus callosum (CC) (Bauer et 

al., 2016; Bauer et al., 2015). Besides group comparisons, since affective symptoms in 

adult-onset BD have been linked to brain microstructural disruption (de Zwarte et al., 2014), 

it is reasonable to extend such link to pediatric BD. However, relationship of the disrupted 

WM microstructure and impulsivity, an early marker of pediatric BD, is not known. WM 

microstructure in the pediatric high-risk (HR) BD population has also been rarely studied. 

Limited literature showed reduced FA in superior longitudinal fasciculus (SLF) (Frazier et 

al., 2007) and altered WM microstructure in CC and temporal associative tracts (Versace 

et al., 2010). More comprehensive understanding of the WM microstructure alterations and 

age-related trendlines of pediatric HR BD group in comparisons to BD and healthy control 

(HC) group is then needed. Detecting the WM abnormalities in pediatric HR BD and BD 

and their correlation with impulsivity may offer biomarkers for early intervention of the 

disease.

We have developed a novel atlas-based WM skeleton measurement approach (Huang et al., 

2012a,2012b, 2011; Ouyang et al., 2020, 2016). This method enabled data-driven survey 

of entire WM microstructure at the cluster and tract level while accounting for partial 

volume effects (Jeon et al., 2012; Smith et al., 2006) by measuring on the core of WM 

tracts with skeletonization procedure in tract-based spatial statistics (TBSS) and parcellating 

entire WM into tracts and tract groups (i.e., limbic, commissural, association, projection 

and brain stem tract groups) (Wakana et al., 2004) by transferring WM tract labels from a 

digital atlas (Mori et al., 2008) to subject image. With all major 50 WM tract labels from 

a digital atlas (Mori et al., 2008) transferred to subject data by registering all images to 

the atlas template, anatomical identification as well as microstructural measurements at the 

disrupted cluster and tract level are simultaneously available. This approach will be used 

to accurately measure the WM microstructural alterations, to characterize cross-sectional 

age-related tract-level changes of BD, HR BD and HC groups, as well as to identify 

behavioral correlates of the microstructural alterations.

In this study, we aimed to characterize whole brain WM abnormalities as well as age-

related WM microstructural changes in pediatric BD and HR BD, and to identify sensitive 

imaging biomarkers that are significantly correlated with cognitive and behavior measures 

in individuals with BD. Diffusion MRI (dMRI) was acquired to map the whole brain WM 

microstructure in 18 pediatric BD, 9 offspring of BD (HR), and 22 controls. All major WM 
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tracts were surveyed with full tensor characterization including all four DTI-derived metrics 

FA, MD, AxD, and RD. Atlas-based quantification on whole-brain WM skeleton was 

conducted to alleviate partial volume effects and to attribute WM abnormalities to specific 

functional tracts. Correlations between WM microstructural abnormalities and cognitive and 

behavioral measures were also conducted.

2. Methods and Materials

2.1 Children with BD, bipolar offspring, and healthy control

This study was approved by the Baylor College of Medicine Institutional Review Board. 

18 children and adolescents diagnosed with BD (Mean age: 12.1 ± 3.45 years, 7M/11F, 

BD type I/BD type II/BD-not otherwise specified: 12/0/6, Depressed/(Hypo) manic/Mixed/

Euthymic: 1/4/5/8), 9 age-matched offspring (HR BD) (Mean age: 13.5 ± 2.92 years, 5M/

4F), and 22 age-matched HC (Mean age: 12.0 ± 3.33 years, 10M/12F) were recruited from 

the child and adolescent outpatient psychiatric clinic at the Texas Children’s Hospital in 

Houston. Bipolar offspring (i.e. HR BD, having a biological parent with BD) have not 

been diagnosed with BD and have no lifetime history of any psychiatric or neurological 

disorder. The exclusion criteria include schizophrenia, eating disorders, Attention-deficit/

hyperactivity disorder without comorbid pediatric BD, anxiety disorders without comorbid 

pediatric BD, substance use disorder, intellectual disability, autism spectrum disorder, 

and severe neurological conditions. BD type I and BD type II were diagnosed through 

Diagnostic and Statistical Manual of Mental Disorders 5th Edition criteria; a diagnosis 

of BD-not otherwise specified was made per the Course and Outcome of Bipolar Youth 

research criteria (Axelson et al., 2006). Signed informed consent from a parent/legal 

guardian was obtained before initiating the study. Demographics of participants are 

summarized in Table 1.

2.2 Clinical assessments

All participants were assessed using: (i) the 7.0.1 version of the Mini International 

Neuropsychiatric Interview and the parent MINI-KID (Sheehan et al., 1998) to determine 

psychiatric diagnoses; (ii) the Wechsler Abbreviated Scale of Intelligence – II (WASI-II) 

(Wechsler et al., 1999) to determine age- and sex-corrected general intelligence (composite 

IQ score); (iii) the Children Depression Rating Scale-Revised (CDRS-R) (Mayes et al., 

2010) and the Young Mania Rating Scale (YMRS) (Young et al., 1978) to determine severity 

of depressive and manic symptoms at time of testing. Clinical characteristics of participants 

are also summarized in Table 1. YMRS and CDRS-R of two HR BD and two HC were 

not successfully recorded. To reveal potential group-level differences in clinical assessments 

among BD, HR BD, and HC, analysis of variance (ANOVA) tests was carried out for 

YMRS, CDRS-R, and WASI-II IQ scores. Post-hoc pair-wise t-tests were also carried out 

with Bonferroni correction to find pair-wise differences between groups.

2.3 Neuropsychological assessment

All participants went through Cambridge Neuropsychological Test Automated Battery 

(CANTAB) cognition tests (Robbins et al., 1994) to assess their cognitive functions. 

Impulsivity was assessed with the Affective Go/No-Go (AGN) test in CANTAB, in which 
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participants are required to respond to a “go” task, and to withhold a response when a 

“no-go” stimulus is shown. Outcome measures are response times (RT), i.e., a classically 

indexed measure of impulse dyscontrol and brain stability/instability (Kropotov, 2016), for 

positive (AGN-RT-positive) and negative (AGN-RT-negative) words. In the AGN task, RT 

of the participants in correct trials were recorded. One BD and four HC participants’ RT 

to both positive and negative stimuli, and one HC participant’s RT to negative stimuli 

were not successfully recorded. To reveal potential group-level differences in cognitive tests 

among BD, HR BD, and HC, ANOVA tests were carried out for cognitive tests related to 

impulsivity, specifically AGN RTs to both positive and negative stimuli. Post-hoc pair-wise 

t-tests were also carried out to find pair-wise differences between groups.

2.4 DTI data acquisition and image preprocessing

All MRI images were acquired on a 3T Philips Ingenia scanner at the University of 

Texas Health Science Center in Houston. Whole-brain dMRI were acquired using a spin 

echo-planar imaging protocol. Image acquisition parameters were as follows: repetition 

time=12400 ms, echo time=77 ms, slice thickness = 3mm without slice gap, imaging 

matrix= 128×128, slice number =44, in-plane imaging resolution = 2×2 mm2. Diffusion 

weighting was encoded along 30 independent directions with b-value 1000 s/mm2. The 

tensor fitting was conducted using DTIStudio (Jiang et al., 2006) to generate DTI-derived 

metrics. FA, RD, MD and AxD after affine transformation of diffusion weighted images to 

b0 image using the automatic image registration (AIR) function in DTIStudio (Jiang et al., 

2006) to correct distortion caused by eddy current and head motion. DMRI data of 16 BD, 9 

HR, and 22 HC were used for further analysis after discarding dMRI of two BD participants 

due to incomplete acquisition or severe motion artifacts.

2.5 Statistical analyses on WM skeleton

2.5.1 Atlas-based tract and tract group level quantification on WM skeleton—
The atlas-based labeling of WM skeleton is as follows. Briefly, after nonlinear registration to 

a single-subject template used in digital WM atlas (JHU ICBM-DTI-81) (Mori et al. 2008), 

all the FA images of three groups were averaged in this template space. The skeleton of 

the averaged FA map was generated with tract-based spatial statistics (TBSS) (Smith et al. 

2006) of FSL software (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/) to extract the core of the 

WM tracts and alleviate partial volume effects, similar to the procedures described in detail 

in our previous publications (Huang et al. 2011, 2012b; Yu et al., 2020). After each WM 

tract label from the JHU ICBM-DTI-81 atlas was transferred to the WM skeleton in the 

template space, each WM skeleton voxel was categorized into one tract and one tract group 

(Figure 1A–C) (Wakana et al. 2004). More details of the atlas-based WM microstructural 

quantification can be found in Supplementary material.

2.5 2 Full tensor-based voxel-wise statistical analysis on WM skeleton—For 

full tensor characterization, non-FA metrics AxD, RD, and MD of all subjects were mapped 

to the template space using the same transformation as for FA images. Non-FA metrics were 

also projected onto the WM skeleton in JHU ICBM-DTI-81 space. Voxel-wise statistics 

across participants adjusted for gender and age were carried out on each voxel of the FA, 

AxD, RD, and MD skeleton using permutation-based non-parametric testing (RANDOMISE 
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– as implemented in FSL) to compare differences among three groups using ANOVA and to 

compare differences of BD vs HC, BD vs HR BD and HR BD vs HC. Threshold-free cluster 

enhancement (TFCE) (Smith et al., 2009) correction for multiple comparisons was applied. 

Contours of parcellated tracts from JHU ICBM-DTI-81 atlas was overlaid on WM skeleton. 

Significant clusters found with voxel-wise statistical analysis were automatically segmented 

into significant clusters of different WM tracts (Figure 1A–1C). To avoid false positive 

results due to noise, we only kept and reported significant clusters containing greater 

than 10 voxels with p value smaller than 0.05. Boxplots were generated with DTI metric 

measurements averaged across voxels in the clusters of each subject in each group (Figure 

2). T-tests of these measurements were conducted between BD and HC with correction of 

false discovery rate (FDR).

To quantify WM microstructural developmental rates among BD, HC and HR groups, 

tract-wise skeletonized WM DTI metric (FA, MD, AxD and RD) measurements in all 50 

WM tracts underwent linear regression with respect to age. To reveal age-group interactions 

among BD, HC, and HR groups, regression models underwent analysis of covariance 

(ANCOVA) where the DTI metric measurements of each tract were set as the dependent 

variable, with age, diagnosis group, and age-group interaction as predictors. ANCOVA p 

value less than 0.05 indicates developmental rates are significantly different among three 

groups. For those tracts with significantly different development rates among three groups, 

pair-wise t-tests were also conducted to find pair-wise differences of BD vs HR, BD vs HC, 

or HR vs HC.

2.6 Correlation between DTI measures and cognitive assessments

To examine relationship between WM microstructure and cognitive test results, skeletonized 

DTI-derived metric measurements in voxels with significant difference in each tract were 

linearly correlated to cognitive assessments from CANTAB. An FDR correction was used to 

correct the p-value for multiple comparisons.

3. Results

3.1 Demographics and clinical characteristics

The demographic and clinical characteristics for BD, HR, and HC are shown in Table 1. 

There was no significant difference in age, gender, race, or ethnicity among the three groups 

(Chi-squared test, p value greater than 0.1), while significant differences in clinical scores 

were found among three groups. Specifically, BD showed higher YMRS and CDRS-R 

scores. Both BD and HR exhibited significantly lower IQ score than HC, but no significant 

difference was observed between BD and HR. No significant difference in AGN RT were 

identified among three groups (Table 2).

3.2 Altered white matter microstructural properties of children and adolescents with 
bipolar disorder in commissural, association and projection tracts

Children and adolescents with BD exhibited significant changes only in RD measures in 

several WM tracts across the commissural, association, and projection tract groups (Figure 

1, Figure 2, Supplemental table 1). Boxplots of RD measurements averaged in clusters 
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across WM tracts by tract groups were summarized in Figure 2. Clusters with increased RD 

in the commissural tract group were found in the body, genu, splenium of CC (BCC, GCC, 

and SCC) and left Tapetum (Tapetum-L) (Figure 1 and 2A). Three clusters with higher RD 

in the association tract group were located in the left external capsule (EC-L), left SLF, and 

left superior fronto-occipital fasciculus (SFO-L) (Figure 1 and 2B), and seven clusters in the 

projection tract groups were located in the bilateral anterior CR (ACR-L and ACR-R), left 

anterior limb of internal capsule (ALIC-L), left posterior CR (PCR-L), left posterior limb 

of internal capsule (PLIC-L), left posterior thalamic radiation (PTR-L), and left superior CR 

(SCR-L) (Figure 1 and 2C). The largest clusters with significant higher RD were found in 

the SCR-L and GCC tracts. Higher RD were also found in superficial WM (SWM) clusters, 

located in the superficial left superior parietal, precentral and postcentral WM (Figure 1C). 

No significant differences between HR and HC or between HR and BD were found in any 

DTI metric measure.

3.3 Atypical microstructural developmental trends in white matter of children and 
adolescents with bipolar disorder

With ANCOVA analysis, significant microstructural developmental differences among BD, 

HR and HC group (Figure 3 and Supplemental Table 2) were primarily found in projection 

tracts: ACR-R (p=0.037) with RD measure, ICP-R (p=0.015) and PLIC-R (p=0.044) with 

AxD measure, and ACR-L (p=0.041) and ACR-R (p=0.014) with FA measure. As shown 

in Figure 3, relatively flattened age-dependent trendlines of DTI metrics were observed in 

BD. Interesting, HR exhibited intermediate developmental rates (plotted in gray in Figure 3) 

between BD and HR groups. The p values of pair-wise comparisons of microstructures in 

the tracts with significant ANCOVA differences (before multiple comparison correction; not 

significant after correction) are also listed in Supplemental Table 2.

3.4 White matter microstructural alterations in children and adolescents with bipolar 
disorder correlate with impulsivity

We further examined the relationship between altered WM microstructure in children and 

adolescents with BD or HR and impulsivity. Shorter RT in AGN tasks indicates higher 

impulsivity. Since BD exhibited significant WM microstructural changes compared to HC in 

RD only with t tests while HR did not in any DTI-derived metric measurements (see section 

3.2), correlations between RD and impulsivity were only conducted in BD. The RD values 

of BD group decreased significantly with RT in clusters across commissural, projection, 

and association tracts, whereas no association was found in HC group (Figures 4 and 5), 

suggesting that more severe myelin disruption in BD corresponds to higher impulsivity. 

The significant negative correlations held for both RT to AGN-positive and AGN-negative 

stimuli in BD. Specifically, significant correlations between RD and RT to AGN-positive 

stimuli were discovered in GCC (r = −0.55, FDR-corrected p = 0.027), SCC (r = −0.56, 

FDR-corrected p = 0.024), and Tapetum-L (r = −0.55, FDR-corrected p = 0.034) of the 

commissural tract group (Figure 4A), EC-L (r = −0.62, FDR-corrected p = 0.013) and 

SLF-L (r = −0.53, FDR-corrected p = 0.043) of the association tract group (Figure 4C), 

and ACR-L (r = −0.59, FDR-corrected p = 0.016) and PCR-L (r = −0.52, FDR-corrected 

p = 0.036) of the projection tract group (Figure 4B). Similarly, for RT to AGN-negative 

stimuli, the correlations are significant in Tapetum-L (Figure 5A, r = −0.55, FDR-corrected 
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p = 0.034), EC-L (Figure 5C, r = −0.62, FDR-corrected p = 0.013), and PCR-L (Figure 5B, 

r = −0.60, FDR-corrected p = 0.017). These findings between RTs in AGN tasks and RD 

demonstrate significant association between WM microstructural alterations and impulsivity 

in children and adolescents of BD.

4. Discussion

This study found widely altered WM microstructure in children and adolescents with BD 

using atlas-based WM skeleton measurement approach and revealed significant correlations 

between WM alterations and impulsivity. It sheds light on the WM microstructural 

alterations in the less studied pediatric BD and HR pediatric BD populations. Elevated RD 

in BD across several commissural, projection and association tracts suggests myelination 

disruption of WM regions and complements existing literature showing alterations in these 

WM tracts in BD. Different developmental rates of DTI metrics between BD and HC groups 

were found primarily in projection tracts, with intermediate developmental rates of HR BD 

identified in the same tracts. Flattened WM microstructural changes in BD and intermediate 

developmental rates in HR BD corroborates the neuro-progressive nature of BD. Consistent 

with functions of the altered WM tracts in impulse control, disrupted WM microstructure in 

these WM tracts was significantly correlated with impulsivity in BD. These WM alterations 

in pediatric BD sensitive to impulsivity may serve as biomarkers, potentially predicting 

impulsive behavior and setting the stage for early behavioral intervention.

4.1 Disrupted myelination in commissural, projection, and association tract groups and 
superficial white matter in bipolar disorder

Elevated RD was found widespread over the commissural, projection, and association tract 

groups in BD. Previous DTI studies in pediatric BD have consistently reported decreased 

FA in WM fibers (Barnea-Goraly et al., 2009; Gao et al.,2013; James et al., 2011; Pavuluri 

et al., 2009; Saxena et al., 2012). However, FA decreases can be contributed by both 

axonal injury and altered myelination. By contrast, RD can be directly associated with 

myelin disruption (Ouyang et al., 2019a; Song et al., 2003). The widespread myelin 

disruption characterized by elevated RD in our study may be due to decreased levels of 

oligodendrocytes in BD evidenced by previous optical dissector-based studies (Bellani et 

al., 2016; Uranova et al., 2004). In Figures 1 and 2, higher RD in the commissural tracts 

(e.g. BCC, GCC, SCC, Tapetum-L) is consistent with increased RD in CC in previous 

pediatric BD studies (Lagopoulos et al., 2013; Linke et al., 2020). Raised RD in projection 

tracts (e.g. ALIC-L, SCR-L, PCR-L, and PTR-L, and bilateral ACR) is either in line with 

previous pediatric BD studies (e.g. Lu et al., 2012) or observed in adult BD (Benedetti et 

al., 2011). Elevated RD in association tracts such as SLF also corroborates existing findings 

(Hu et al., 2020). Besides alterations in deep WM, alterations in SWM were consistent with 

abnormalities in superficial left superior parietal WM (Zhang et al., 2018) and superficial 

left precentral and postcentral WM (Ji et al., 2019) in adult BD.

Interestingly children and adolescents with BD showed altered developmental rates in 

several major projection tracts in Figure 3, while high-risk BD showed intermediate 

developmental rates in these tracts. Shown in Figure 3, the present study suggests the pattern 
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of higher initial WM integrity characterized by lower RD, higher AxD, and higher FA in BD 

reversed after around 10 years of age due to flattened age-related changes. Such gradual 

deviations of WM microstructure in pediatric BD from typical development trajectory 

may account for eventual significant differences in FA, AxD, and MD in adult BD (e.g., 

Barysheva et al., 2013; Bauer et al., 2016., 2015; Bellani et al., 2016). The intermediate 

developmental rates of HR BD between BD and HC groups suggest WM microstructural 

change rates may serve as early biomarker of the disease (Schneider et al., 2012) and may be 

linked to increased genetic susceptibility to BD (de Zwarte et al., 2014), resulting in lower 

WM integrity in adult BD.

4.2 Disrupted white matter microstructure correlates with impulsivity in bipolar disorder

We found the correlation between RD and impulsivity in the SCC, GCC, and Tapetum-L, 

in the EC-L and SLF-L, and in the ACR-L and PCR-L, in pediatric BD in Figures 4 and 

5. This is consistent with a prior lesion study that found associations between impulsivity 

with injuries to the ACR-L, GCC, and SLF-L (McDonald et al., 2017). Notably, the ACR-L, 

GCC, and SLF-L tracts participate in several networks such as thalamo-limbic-cortical 

circuitry associated with impulse control (Karababa et al., 2015). Frontoparietal systems 

innervated by fibers of the PCR and the SCC are part of the frontoparietal network and 

the cingulo-opercular network, which support the flexible control of human goal-directed 

behavior (Cole et al., 2014). Impairments in fibers belonging to these affective networks 

may result in the inability to rapidly regulate behavior when emotionally or motivationally 

charged, potentially leading to impulsive reactions. Consistent with associations revealed by 

lesion studies (e.g., McDonald et al., 2017), previous DTI studies also revealed associations 

between WM microstructure and impulsivity in healthy populations as well as adult BD. 

For instance, BD patients with prior suicide attempts that indicate higher impulsivity 

showed decreased FA in the left orbital frontal WM compared to patients without any 

suicide attempts (Mahon et al., 2012). In healthy adolescents, reduced FA in the ACR 

was associated with higher impulsivity (Seghete et al., 2013). Our study did not replicate 

the latter finding. The discrepancy might be related to the task used in the study on HC, 

which did not include an affective cue. Impairment in systems described above is present 

for either positive or negative stimuli. Negative bias has been proposed as a trait marker 

of BD (Leppänen, J. M., & Hietanen), whereas positive bias has been recently related to 

the predisposition to mania (Simonetti et al., 2019), i.e. the core manifestation of BD type 

I subtype (Kotzalidis et al., 2017). Since most of the study participants have a diagnosis 

of BD type I, the present findings might reflect the sample’s diagnostic heterogeneity. To 

the best of our knowledge, we found correlations between WM microstructure disruption 

and impulsivity in children and adolescents with BD for the first time. Taken together, our 

findings elucidate the relationship between disrupted WM myelination and impulsivity and 

reveal that elevated RD may serve as a biomarker for impulsivity in pediatric BD.

4.3 Technical considerations and future directions

The novel atlas-based WM skeleton measurement approach applied in this study enhanced 

accuracy and enabled data-drive survey of entire WM microstructure at the cluster and 

tract level while accounting for partial volume effects. Characterization of all diffusion 

tensor-derived metrics including FA, MD, AxD and RD contributed to comprehensively 
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delineation of the microstructural alterations. Significant alterations and atypical age-related 

microstructural trendlines measured with RD are likely associated with myelin disruption in 

pediatric BD and atypical myelination process in BD and HR BD groups, respectively.

Several limitations need to be considered. Due to the limited sample size of the HR BD 

group (n=9), no significant differences were found with voxel-wise ANOVA analyses 

across three groups (BD, HR, HC).Future studies will benefit from larger sample sizes 

which may offer statistical power to reveal microstructural alterations not only in pairwise 

t-tests, but also in ANOVA analysis. Additionally, the cross-sectional developmental rate 

finding did not survive the multiple comparison correction due to the limited sample size 

of the HR group. Based on the cross-sectional finding on age-related WM maturational 

trendlines of BD, high-risk BD and HC groups, future longitudinal studies are warranted to 

characterize developmental trajectories of WM microstructure in these groups. Integrating 

the present study’s assessment of impulsivity with data from different tasks, such as delay 

discounting tasks, and controlling the present result for possible confounding variables 

such as predominant polarity (Janiri et al 2020) and psychotropic medications (Sani et al., 

2013) will be helpful for controlling these variables in WM microstructure analysis.. Future 

research focusing on examining GM microstructure in BD (Pan et al., 2021) in relation 

to impulsivity is warranted. More advanced dMRI analysis techniques such as diffusion 

kurtosis (Jensen et al., 2005; Ouyang et al., 2019b; Zhu et al, 2021), multiple tensors 

(Mishra et al., 2014) and neurite orientation dispersion and density imaging (NODDI) 

(Zhang et al., 2012) may reveal additional microstructural changes.
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Highlights:

Atlas-based tract- and tract-group-quantification on white matter skeleton was used;

Altered white matter microstructure in pediatric bipolar disorder(BD) was delineated;

Correlations of white matter microstructure to impulsivity in pediatric BD were found;

Flattened microstructural age-related trendlines in children with BD were revealed;

Intermediate developmental rates were observed in high-risk BD group

Zhu et al. Page 16

J Psychiatr Res. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Identified clusters (shown in red-yellow) with significantly higher radial diffusivity (RD) 

in bipolar disorder children and adolescents compared to age-matched healthy controls in 

coronal (A), axial (B), and sagittal (C) view. The white matter tract parcellation outlined 

with different colors was enabled by applied atlas-based white matter (WM) skeleton 

measurement approach. Green skeleton representing core of WM tracts is overlaid on the 

JHU ICBM atlas (Mori et al., 2008) fractional anisotropy (FA) template. See Table 3 for 

WM tract abbreviations. L and R represents left and right, respectively.
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Figure 2. 
Boxplots of radial diffusivity (RD) measurements averaged in clusters with significantly 

higher RD values in bipolar disorder (BD) than in healthy control (HC) across white matter 

(WM) tracts by tract groups, i.e. commissural (A), association (B) and projection (C) tract 

groups. * FDR corrected p < 0.05; ** FDR corrected p < 0.01. *** FDR corrected p < 0.005. 

See Table 3 for WM tract abbreviations.
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Figure 3. 
Bipolar disorder (BD) (red), healthy control (HC) (blue), and high-risk BD (gray) groups 

show significantly different age-related rates of radial diffusivity (RD) (A), axial diffusivity 

(AxD), and fractional anisotropy (FA) (C) measurements in certain white matter (WM) 

tracts. Comparisons were conducted on all white matter tracts, but only results with 

significant (before multiple comparison correction) differences are shown. *p-value < 0.05 

for age-group interaction in BD, HC and high-risk BD groups. See Table 3 for WM tract 

abbreviations.
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Figure 4. 
Significant (p<0.05, after FDR correction) correlation of radial diffusivity (RD) and affective 

Go/No-Go (AGN) task mean correct response time (RT) to positive stimuli were found in 

bipolar disorder (BD) group (red) but not in age-matched healthy control (HC) group (blue) 

in commissural tracts including GCC, SCC and Tapetum-L (A), association tracts including 

EC-L and SLF-L (B), and projection tracts including ACR-L and PCR-L (C). RD values 

were measured at clusters with significant difference between BD and HC (shown in Figure 

1). * FDR corrected p < 0.05. See Table 3 for WM tract abbreviations.
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Figure 5. 
Significant (p<0.05, after FDR correction) correlation of radial diffusivity (RD) and affective 

Go/No-Go (AGN) task mean correct response time (RT) to negative stimuli were found 

in bipolar disorder (BD) group (red) but not (p>0.05) in age-matched healthy control 

(HC) group (blue) in commissural tract Tapetum-L (A), projection tract PCR-L (B), and 

association tract EC-L (C). RD values were measured at clusters with significant difference 

between BD and HC (shown in Figure 1). * FDR corrected p < 0.05. See Table 3 for WM 

tract abbreviations.
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Table 1.

Demographics and clinical characteristics of participants.

BD
(n = 18)

High-risk BD
(n = 9)

HC
(n = 22) ANOVA Chi-

squared
BD vs. high-

risk
p-value

BD vs. HC
High-risk 

vs. HC

Age (years) 12.1 ± 3.45 13.5 ± 2.92 12.0 ± 3.33 ns - - - -

Gender (Male/
Female) 7/11 5/4 10/12 - ns - - -

Race (Caucasian/
African 
American/Asian/
Mix)

16/2/0/0 7/2/0/0 14/5/2/1 - ns - - -

Ethnicity 
(Hispanic/Non-
Hispanic)

3/15 4/5 3/19 - ns - - -

YMRS 13.8±3.64 3.43±2.70 2.25±3.64 2.61×10−5 - 2.18×10−2 5.92×10−4 ns

CDRS-R 34.7±13.7 25.3±7.02 18.5±2.68 3.29×10−5 - ns 5.17×10−4 ns

WASI-II 97.3±19.4 97.4±10.9 110±8.13 9.81×10−3 - ns 2.46×10−2 4.20×10−3

Abbreviations: BD: bipolar disorder; high-risk BD: bipolar offspring; HC: healthy control; ANOVA: analysis of variance; YMRS: Young Mania 
Rating Scale; CDRS-R: Children Depression Rating Scale-Revised; WASI-II: Wechsler Abbreviated Scale of Intelligence-II; ns: not significant.
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Table 2.

Affective Go/No-go (AGN) response time (RT) to positive and negative stimuli of participants.

BD
(n=17)

High-risk BD
(n=9)

HC (n=18 for positive, 17 
for negative)

p-value

ANOVA BD vs. high-
risk

BD vs. HC High-risk vs. 
HC

AGN RT Positive 
Stimuli (ms)

504±106 468±103 521±155 ns ns ns ns

AGN RT Negative 
Stimuli (ms)

484±113 468±108 519±122 ns ns ns ns

Analysis of variance (ANOVA) analysis p-value among bipolar disorder (BD), offspring (high-risk BD), and healthy control (HC) groups and 
pair-wise comparisons of two groups are reported. ns: not significant.
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Table 3.

List of white matter tract abbreviations by tract group.

Abbreviation Tract name

Commissural tracts 

BCC body of corpus callosum

GCC genu of corpus callosum

SCC splenium of corpus callosum

Projection tracts 

ACR anterior corona radiata

ALIC anterior limb of internal capsule

PCR posterior corona radiata

PLIC posterior limb of internal capsule

PTR posterior thalamic radiation

SCR superior corona radiata

Association tracts 

EC external capsule

SLF superior longitudinal fasciculus

SFO superior fronto-occipital fasciculus

Brainstem tracts 

ICP inferior cerebellar peduncle
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