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Abstract

Background: Aberrant white matter (WM) microstructure has been proposed as a mechanism 

underlying bipolar disorder (BD). Given the strong genetic underpinnings of both WM 

microstructure and BD, such WM aberrations may be not only a disease marker, but also an 

endophenotype of BD. If so, they should be observable in individuals at risk (AR; i.e. first-degree 

relatives). This meta-analysis integrates evidence on perturbed WM microstructure in individuals 

with, or at risk for, BD.

Methods: A comprehensive literature search up to April 2020 identified diffusion tensor imaging 

studies that used a voxel-based approach to compare fractional anisotropy (FA) and radial 

diffusivity (RD) between BD and/or AR and healthy volunteers. Effect size comparison and 

conjunction analysis allowed identification of endophenotypes and disease markers of BD. Effects 

of age, sex, mood state and psychotropic medication were explored using meta-regressions.

Results: 57 studies in BD (N=4631) and 10 in AR (N=753) were included. Both BD and AR 

were associated with lower FA in the body and splenium of the corpus callosum compared to 

healthy volunteers. In BD, decreased FA and increased RD comprised the entire corpus callosum, 

anterior thalamic radiation, fronto-orbito-polar tracts, and superior longitudinal fasciculus, and 

were influenced by age, sex and mood state. Lithium and antipsychotics were positively correlated 

with FA.

Conclusion: Findings suggest that abnormalities in the body and splenium of the corpus 

callosum may be an endophenotype for BD, and associate BD with WM tracts relevant for 

working memory performance, attention, and reward-processing.

INTRODUCTION

Bipolar disorder (BD) is a psychopathological condition that can be severely disabling 

due to early onset, severity, and chronicity (1). Limited understanding of the mechanisms 

underlying BD hampers early, precise diagnosis and the development of more effective 
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treatments (2). BD is characterized by episodes of elevated and depressed mood 

accompanied by related changes in cognition, motivation, and behavior (3). Neurobiological 

models of BD emphasize structural and functional aberrancies in prefrontal-limbic circuits 

relevant for emotion processing and emotion regulation (4). Accumulating evidence has 

shown aberrancies in the microstructure of white matter (WM) tracts interconnecting these 

circuits in BD and individuals at risk for BD (i.e., first-degree relatives, AR) (5,6). This 

meta-analysis integrates the available evidence regarding the role of WM microstructure in 

the risk-architecture of BD.

This work differs from prior meta-analyses (7–12) of WM microstructure in BD in several 

ways. First, AR individuals have not been included in prior meta-analyses. Second, prior 

analyses had a more limited focus in terms of age (e.g., excluding those under 18), BD 

subtype (e.g., excluding BD-II), processing pipeline (e.g., tract based spatial statistics), or 

metric quantifying WM microstructure (i.e., fractional anisotropy). Finally, the sample size 

of this meta-analysis is three times that of previous reports, allowing for exploration of the 

effects of age, sex, mood state, and psychotropic medications.

It has been proposed that altered WM microstructure represents an endophenotype of 

BD (13) as WM microstructure is heritable (14), and aberrancies in WM microstructure 

have been associated with BD independent of the disease state and are more prevalent 

in unaffected relatives compared to the general population (15–18). This is relevant, as 

it suggests that WM aberrancies might play an antecedent, possibly causal, role in the 

pathophysiology of BD. However, more work integrating findings in individuals with BD 

and AR is needed to establish WM microstructure as endophenotype and vulnerability 

marker.

The microstructure of WM tracts can be investigated using diffusion tensor imaging 

(DTI), a technique that quantifies the restricted diffusion of water in WM through scalars, 

such as fractional anisotropy (FA), which is known to be positively correlated with the 

directionality and coherence of WM bundles (19). In previous meta-analyses, reduced FA 

in the anterior corpus callosum (CC) and cingulum bundle have emerged as the most robust 

findings in individuals with BD (7–12). Studies in AR have also reported reduced FA in 

the CC (16,20–22). However, individual reports of reduced FA also include the uncinate 

fasciculus (UNC), a tract that connects the ventral prefrontal cortex with the amygdala (e.g., 

BD: (15,17,20,21,23–26), AR: (15,21)), and the anterior thalamic radiation (ATR), which 

connects the prefrontal cortex, striatum and thalamus (BD: (15,17,26–28), AR: (15,20,21)). 

Further, lower FA-values in the inferior longitudinal fasciculus (ILF), superior longitudinal 

fasciculus (SLF), inferior fronto-occipital fasciculus (IFOF), superior corona radiata (SCR), 

and corticospinal tract (CST) have been reported in individuals with BD (16,22,23,26) or 

AR (16,20,22). To date, only five studies directly compared individuals with BD to AR, with 

heterogeneous results including comparable FA reductions in the CC (16,22), ATR (15), 

UNC (15), CST (16,29), or SLF (22) as well as null findings (30). Meta-analytic group 

comparisons that leverage all available studies, regardless of whether BD and AR were 

directly compared, can help to determine which tracts may represent an endophenotype (9).
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Alterations in FA cannot be traced back to specific tissue characteristics such as the degree 

of myelination, which has been argued to underlie aberrant FA in BD (6). Thus, researchers 

have started to analyze additional metrics such as radial diffusivity (RD), which is more 

sensitive to the degree of myelination (31). Reports include both RD increases (15,16,23,32) 

and decreases (32,33) across numerous tracts in individuals with BD and AR, warranting 

meta-analytic integration to test the hypothesis of aberrant myelin plasticity in BD (6).

Heterogeneity in subject characteristics (e.g., age, mood state, or psychotropic medication) 

may explain inconsistencies in FA and RD findings in BD. WM abnormalities in BD 

could reflect deviations from the normal developmental myelination of fiber tracts (6), 

which continues until the third decade of life (34). Indeed, studies suggest less pronounced 

age-related FA increases, or even age-related FA decreases, particularly in the CC and 

UNC (16,21,24,25,35) in BD. WM aberrancies in BD might also represent consequences of 

affective episodes, as myelination changes in response to experiences (36) such as altered 

activity levels or cognitive biases associated with depression and mania (3). Finally, findings 

may be influenced by medication such as lithium (37,38) or second-generation antipsychotic 

usage (39), but currently evidence supporting this assumption is sparse and contradictory.

The primary goal of the present meta-analysis is to determine which aberrancies in WM 

microstructure represent an endophenotype and thus a vulnerability marker of BD (i.e., are 

present in both individuals with BD or AR). We further investigate if any WM changes 

may be disease markers, meaning they are only present in individuals with BD. Second, by 

extending our analysis from FA to RD, we aim to elucidate whether altered myelination may 

be the mechanism underlying WM alterations in BD. Third, we investigate how age, sex, 

mood state, and medication status relate to heterogeneity in DTI-findings in BD, but not in 

AR given the limited number of studies in this population (n=10).

METHODS AND MATERIALS

Literature Searches

DTI literature in BD published up to April 23, 2020 were identified using PubMed, Embase, 

and Web of Science with the following search terms: diffusion tensor OR white matter AND 

bipolar OR mania. Following the Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses guidelines (40), we included studies that 1) compared individuals with BD 

or AR (i.e. siblings and offspring) to HV, 2) used a whole-brain approach, and 3) reported 

one metric of interest (FA or RD). For longitudinal trials, only data from the baseline period 

were included (41–43). In case of overlapping samples, solely the study with the largest 

sample size or without missing data was included (18,20,22,28,44–46).

Data extraction

From each study, we extracted participants’ mean age, sex ratio, mean scores of the Young 

Mania Rating Scale (YMRS) (47) and Hamilton Depression Rating Scale (HDRS) (48), 

and percentage of individuals that were prescribed lithium or antipsychotic medication. 

To incorporate different HDRS scales, the “equivalent HDRS-17” score was calculated by 

dividing the total scores of HDRS-21 and HDRS-25 by the number of items and multiplying 

Hu et al. Page 3

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by 17. We chose the HDRS as it was the most commonly reported clinician-rated measure 

of depression. In general, we focused on observer-ratings as they might be less biased than 

self-reports. Given our hypotheses, we gathered peak voxel coordinates and test-statistics for 

FA and if available, RD. We did not have hypotheses regarding the two other commonly 

used diffusion metrics, mean diffusivity and axial diffusivity, so they were not extracted.

Two email requests were sent to corresponding authors for any missing information (e.g. 

peak voxel coordinates, test statistics). We obtained t-statistic maps from 12 studies (15–

17,26,27,44,49–52), which are preferable over peak coordinates as they provide information 

for each voxel (53). The quality of each study was assessed using the Newcastle-Ottawa 

assessment scale (NOS), which evaluates the quality of studies based on the selection of 

participants, comparability of cases and controls, and ascertainment of exposure (Table S1) 

(54). All data were initially extracted by RH and cross-checked independently by JL and CS.

Whole-brain analyses

All analyses were conducted using anisotropic effect size-signed differential mapping (AES-

SDM v5.142). AES-SDM can combine peak coordinates and statistical parametric maps 

and uses standard effect size and variance-based meta-analytic calculations (53,55). This 

method implements random-effects models in which each study is weighted according to 

its sample size and variability. The multimodal feature of AES-SDM allows for conjunction 

analyses that compare abnormalities between study groups (here, BD and AR) based on the 

evaluation of effect sizes, even if the groups have not been directly compared in primary 

studies.

To test whether WM abnormalities represent an endophenotype of BD, we first conducted 

whole-brain effect size comparisons to identify brain regions where individuals with BD 

or AR differed from HV in FA. Next, conjunction analyses were performed to identify 

tracts showing similar abnormalities in individuals with BD or AR (compared to HV), 

thus meeting criteria for an endophenotype. Brain regions indicating a disease marker, 

where meta-analytically computed effect sizes differed between BD and AR, were identified 

using the linear model feature in AES-SDM. To test whether altered myelination measured 

via RD represents the mechanism underlying altered WM microstructure in BD, we first 

conducted whole-brain effect size comparisons to identify brain regions where individuals 

with BD differed from HV in RD, followed by a conjunction analysis of FA and RD 

maps. Sociodemographic (i.e., age, sex) and clinical factors (i.e. YMRS score, HDRS 

score, lithium or antipsychotic status) potentially contributing to cross-study heterogeneity 

in clusters identified during the initial whole-brain effect size comparison were examined 

with simple meta-regressions. Meta-regressions can only be expected to produce robust 

results when ≥ 20 studies are available, and thus are only reported for FA maps. (see Tables 

S6–S7 for meta-regressions on RD and in AR).

For statistical inference, we used the recommended threshold of p = 0.005 with peak Z > 1 

and cluster extent of > 20 voxels (53). The robustness of results was explored with jackknife 

sensitivity analysis to assess the contribution of each study to the overall results. Results that 

lost significance in >10% of iterations were considered non-robust and are only reported in 
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Table S5. Publication bias was examined with Egger’s test for asymmetry of the funnel plot 

for each significant peak voxel derived from the AES-SDM meta-analyses.

RESULTS

Literature Searches and Quality Assessment

The initial literature search identified 1750 studies (Figure S1). After screening based on 

title and abstract review, 169 studies were selected for full text review. A total of 57 distinct 

studies were included in the whole-brain FA and RD meta-analyses comparing BD or AR 

to HV (BD: n=57 FA studies, n=15 RD studies; AR: n=10 FA studies, n=5 RD studies). 

Summaries of overall sample characteristics are described in Table 1. According to the NOS 

quality assessment criteria, all studies were determined to be of sufficient quality (score > 5) 

to be included (Table S2). For details of all individual studies, see Tables S3–4.

The role of WM aberrancies in the risk architecture of BD

Bipolar disorder vs. healthy volunteers—Compared to HV, individuals with BD 

showed robust FA decreases in the CC, right ATR, left SLF and inter-striatal WM, as 

well as increased RD in the right ATR, CST, fronto-orbito-polar tract (FOP), and left SLF. 

A conjunction analysis revealed both reduced FA and increased RD in a large cluster 

encompassing the CC and bilateral ATR, right FOP, and SLF (Figure 1, Table 2). There was 

no evidence of FA increases or RD decreases in BD compared to HV.

Individuals at risk vs. healthy volunteers—AR individuals showed lower FA in the 

body and splenium of the CC and the CST (Figure 1b, Table 2), but no abnormalities in 

RD. However, RD analyses comprised only five studies, so this finding should be interpreted 

cautiously.

Endophenotype vs. disease marker—Conjunction analysis indicated similar FA 

reductions in BD and AR in the splenium and body of the CC, suggesting that aberrant 

FA in these regions represents an endophenotype of BD. The comparison of effect size maps 

showed significantly larger FA decreases in BD (compared to HV) than in AR (compared 

to HV) in the ATR suggesting that they are associated with a symptomatic state and hence 

represent a disease marker (Figure 1d and e, Table 2).

Factors influencing heterogeneity in WM aberrancies in BD

Sociodemographic factors—Studies that included older BD individuals reported 

stronger FA decreases in the CC, whereas reports of FA reductions in the SLF and FOP were 

more likely in studies with younger BD participants (Figure 2, Table 3). FA decreases in the 

anterior CC, FOP and left SLF were more pronounced in studies with a higher proportion 

of females with BD, whereas reports of reduced FA in the posterior CC and the arcuate 

fasciculus were associated with a higher proportion of male individuals with BD (Figure 2, 

Table 3).

Affective symptoms—FA decreases in the posterior CC were more pronounced in studies 

where participants with BD reported more manic symptoms at the time of scanning. In 
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contrast, studies where participants with BD reported more depressive symptoms at the time 

of scanning showed more pronounced FA decreases in the right CST, ATR, and bilateral 

FOP. (Figure 2, Table 3).

Medication status—Studies with a greater proportion of BD individuals currently taking 

lithium showed less pronounced FA changes compared to HV across the CC, bilateral ATR, 

left SLF and right CST. We also observed less pronounced FA decreases in studies where 

high proportions of individuals with BD were on a regimen of antipsychotics. These effects 

manifested in the anterior CC, inter-striatal WM, and left arcuate fasciculus (Figure 2, Table 

3).

DISCUSSION

This meta-analysis comprises three times the number of individuals with BD than previous 

meta-analyses and is the first one to include studies of AR individuals; as such it extends 

the existing literature on WM abnormalities in BD in several ways. First, we find similar FA 

reductions in the body and splenium of the CC in BD and AR, suggesting an endophenotype 

of BD, whereas abnormalities in the ATR and body of the CC were observed only in 

BD indicating a disease marker. Second, we provide evidence that WM abnormalities 

in individuals with BD are not restricted to lower FA in the anterior CC and cingulum 

bundle, as suggested by previous meta-analyses (7–12). Instead, we find both reduced FA 

and increased RD in the entire CC, ATR, FOP, and SLF in individuals with BD. Third, 

our findings indicate that age, sex, and mood state contribute to the heterogeneity of 

DTI findings in individuals with BD. Finally, we confirm a positive effect of lithium and 

antipsychotics on FA.

The role of WM aberrancies in the risk architecture of BD

The primary question of the present meta-analysis was whether WM abnormalities represent 

an endophenotype of BD and thus are expressed similarly in both individuals with BD 

and AR. Our findings suggest that reduced FA in the body and splenium of the CC may 

represent an endophenotype of BD. Callosal fibers connect both hemispheres, with the 

splenium receiving input from the occipital lobes and the body interconnecting parietal 

and temporal cortices. To date, little is known regarding the role of callosal WM in 

interhemispheric information integration. Animal studies suggest that posterior callosal 

fibers modulate thalamocortical input via both inhibitory and excitatory signals in a 

stimulus-specific manner (56,57) relevant for the synchronization of alpha-band oscillations 

in response to task demands (58). Alpha-band oscillations, which appear to be less 

synchronized in BD (59), are highly relevant for attentional processes identified by meta-

analyses as an impaired domain in both individuals with BD (60) and AR (61). While, our 

findings highlight visual-thalamo-cortical circuitry, relevant for attentional processes as a 

risk factor for BD, they also associate the posterior callosal fibers with manic symptoms, 

underlining the need for more studies investigating this circuitry and related neuro-cognitive 

functions in the context of BD.

Our second question concerned the cellular mechanism underlying WM aberrancies in 

BD. Deviations in the microstructure of tracts relevant for working memory performance 
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and attention (CC, SLF) (62,63), as well as reward-processing (ATR, FOP) (15,64) were 

quantifiable by FA and RD. Increased RD in particular indicates lower levels of axonal 

myelination (31), which might impair the conduction of action potentials (36) and thereby 

potentially contribute to impairments in working memory and attention in BD (60). To 

this end, our results are consistent with the hypothesis of aberrant myelin plasticity in BD 

that suggests a dysfunction in the oligodendrocyte population, which may affect myelin 

formation and remodeling (6).

While sparse myelination comes at the cost of reduced processing speed, it also preserves 

plasticity in neural networks (65). Thus, we propose that increased plasticity of cognitive 

and reward circuitry resulting from low levels of myelination would allow for faster 

reconfiguration of these networks. Reduced myelination may therefore represent the 

neurobiological basis for switches between elated and depressed mood states characteristic 

of BD (3), as well as the increased creativity frequently reported in BD (66). However, 

studies testing this specific hypothesis are needed.

Factors influencing heterogeneity in WM aberrancies in BD

Evidence suggests that delayed maturation of WM tracts may be a relevant mechanism, 

perhaps specifically for early-onset BD (16,21,24,25,35). We found indirect support for this 

hypothesis in the CST and SLF, where FA decreases were more pronounced in younger BD 

samples. In contrast, FA decreases in the body of the CC were more pronounced in older 

BD samples, suggesting that abnormalities worsen over time. To test such hypotheses, more 

longitudinal studies in BD are needed.

Sex appears to contribute to the regional heterogeneity of findings in the CC. Females 

drive FA decreases in the anterior CC, associated with working-memory performance and 

attention, which is consistent with reports of more pronounced deficits of women with BD 

in these cognitive domains (67,68). Further, studies in BD with a higher proportion of male 

participants observed lower FA in the arcuate fasciculus, which is primarily associated with 

language processing and speech. In general, sex-differences are scarcely studied in BD. One 

would hope that future studies will focus more on sex-specific neurobiological mechanisms 

and associated behavioral or symptom profiles, which might then be used to personalize 

treatment.

Depressive symptoms were associated with WM aberrancies in the right CST and bilateral 

FOP. The CST is a major motor pathway, and reduced FA in this region has been associated 

with processing speed (69) and motor retardation during bipolar depression (70), whereas 

the FOP may be more relevant for reward processing (63). Both are symptom domains 

highly relevant in the context of depression (71,72). However, it remains an open question 

whether these WM abnormalities reflect plastic changes induced by the experience of 

depressive symptoms or characterize a subgroup of patients that tends to experience more 

depressive episodes. Such questions can only be answered in a longitudinal design and 

underscore the need for studies following individuals with BD and AR over time.

Consistent with the literature (37–39), we show a positive effect of lithium and 

antipsychotics on WM. Overall, the effect of lithium appeared to be widespread and 
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comprised most tracts associated with BD (i.e., CC, ATR, SLF/CST, ILF, IFOF). In 

contrast, antipsychotics appear to exert more specific effects on WM tracts associated with 

the dopaminergic neurotransmitter system (inter-striatal WM, FOP, prefrontal WM) and 

the arcuate fasciculus. In sum, these findings support the hypothesis that alterations in 

WM microstructure might be one mechanism of change underlying the positive effects of 

lithium and antipsychotics, and underscore the need of control for medication effects when 

investigating WM microstructure.

Limitations

Analyses in AR had less power than in individuals with BD due to the smaller sample size 

(BD:AR=5:1). Similarly, only a subset of the studies reported RD, affective symptoms and 

medication status, which should be considered when interpreting the findings. Second, AR 

varied with regard to their relationship with the index case (i.e., sibling, offspring), and their 

own mental health. Jackknife analysis and Eggers test suggested that no single study was 

driving the reported endophenotype effect. However, we were unable to investigate these 

sources of heterogeneity given the limited number of studies in AR. Third, as we only 

included the bipolar phenotype, questions regarding the specificity of these findings for BD 

cannot be answered. Fourth, DTI has limitations when delineating and quantifying WM 

tracts with complex architecture (i.e. crossing-fibers) (73). However, this is unlikely to apply 

to our main findings in the corpus callosum, known for its small number of crossing fibers. 

Future studies utilizing high angular resolution diffusion imaging (HARDI) or diffusion 

spectrum magnetic resonance imaging (DSI) can overcome limitations with DTI concerning 

WM tracts with complex architecture. Finally, we regret that due to ongoing technical 

difficulties, we were unable to use the most recent version of SDM, which does not test for 

the spatial convergence of findings, but instead tests whether the effects are different from 

null and presumably provides greater power to detect group differences in the presence of 

multiple effects (74).

Conclusion

The present study underlines the relevance of abnormal WM microstructure in the risk-

architecture of BD. Findings suggest abnormalities in the WM of the visual-thalamo-cortical 

circuitry as an endophenotype for BD; associate BD with reduced myelination of the CC 

and SLF relevant for working memory performance and attention, as well as the ATR and 

FOP thought to play a role in reward-processing; and confirm positive effects of lithium and 

antipsychotics on WM microstructure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Depiction of differences and communalities in white matter microstructure between 
individuals with and at risk for BD, and healthy volunteers.
(A) Clusters of reduced fractional anisotropy and increased radial diffusivity in individuals 

with BD compared to healthy volunteers. (B) Clusters of reduced fractional anisotropy in 

individuals at risk for BD. (C) Results of multimodal analysis depicting clusters with both 

reduced fractional anisotropy and increased radial diffusivity in individuals with BD. (D) 

Regions of reduced fractional anisotropy in individuals with or at risk for BD, compared 

to HV. (E) WM tracts with more pronounced FA reductions in BD than AR. Significant 

clusters are overlaid on the MNI template and a standardized fractional anisotropy skeleton.

Abbreviations: AR, individuals at risk for bipolar disorder; ATR, anterior thalamic radiation; 

BD, bipolar disorder; CC, corpus callosum; CST, corticospinal tract; FOP, fronto-orbito 

polar tract; PTR, posterior thalamic radiation; SLF, superior longitudinal fasciculus; WM, 

white matter
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Figure 2. Illustration of meta-regression findings regarding age, medication status, and current 
mood in individuals with bipolar disorder.
(A) Shows the cluster of age-related FA increases in the corpus callosum. Estimates of 

regional FA were extracted from the peak voxel coordinates (x = −6, y = −14, z = 26) (B) 

Depiction of the sex effect in BD (C) Positive lithium effect on FA. FA-values shown in the 

scatterplot were extracted from the largest cluster in the anterior thalamic radiation (x = 20, 

y = 38, z = −6). (D) Positive effect of antipsychotics on FA, FA-values were extracted from 

the peak voxel of the cluster in the ACR (x = 14, y = 28, z = −12) (E) Cluster showing FA 

decreases related to manic symptoms in the splenium of the CC (F) Clusters of decreased FA 
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associated with depressed mood. FA-values were extracted from the CST-cluster (x = 26, y = 

−22, z = 36). N indicates the number of individuals with BD in the studies.

Abbreviations: ACR, anterior corona radiata; ATR, anterior thalamic radiation; CST, 

corticospinal tract; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal 

fasciculus
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Table 1.

Overall sample characteristics for the meta-analyses of FA and RD data

BD vs. HV AR vs. HV

FA RD FA RD

Number of studies 57 15 10 5

Total sample size 4631 981 753 240

BD or AR sample size 2054 462 378 121

Mean Age (years) 36.3 34.1 27.4 16.4

Female (%) 55.3 60 54.8 50.4

Illness Duration (years) 11.7 15.4

Medicated (%) 80.8 71

Lithium (%) 42.7 31

Antipsychotics (%) 47.1 39

Mean YMRS 5.5 5.3

Mean HDRS-17 9.1 10.9

Abbreviations: AR, at-risk; BD, bipolar disorder; FA, fractional anisotropy; HDRS-17, Hamilton Depression Rating Scale, 17-item; HV, healthy 
volunteer; RD, radial diffusivity; YMRS, Young Mania Rating Scale.
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Table 2.

Differences and commonalities in white matter microstructure between individuals with or at risk for BD and 

HV that met criterion for robustness.

Peak MNI coordinate Voxels P Hemisphere Regions

Individuals with BD

Fractional anisotropy: BD < HV

 24, 34, 8 2089 <.00001 R CC, ATR

 −42, −50, 36 42 .00007 L SLF

 14, 40, 36 33 .00001 R CC

 20, −46, 54 22 .00001 R CC

 12, 0, −10 31 .00025 R Inter-striatal WM

Radial diffusivity: BD > HV

 24, 34, 8 603 <.00001 R ATR, CC

 26, −20, 34 101 <.00001 R CST

 −30, −18, 34 48 .00013 L SLF

 16, 32, −16 38 .00008 R FOP

Conjunction: Reduced FA ^ Increased RD

 23, 34, 8 458 <.005 R ATR, CC

 21, −19, 36 25 <.005 R SLF

 15, 32, −11 21 <.005 R FOP

Individuals at risk for BD 

Fractional anisotropy: AR < HV

 26, −56, 24 80 <.00001 R CC body

 −12, −32, 26 52 .00024 L CC splenium

 −24, −20, 34 37 .00047 L CST

Endophenotype 

Decreased fractional anisotropy: (BD < HV) ^ (AR < HV)

 −12, −31, 26 52 <.005 L CC splenium

 25, −53, 20 39 <.005 R CC body

Disease marker 

Fractional anisotropy: BD < AR = HV

 2, −10, 6 83 <.00001 R ATR

Abbreviations: AR, at risk; ATR, anterior thalamic radiations; BD, bipolar disorder; CC, corpus callosum; CST, corticospinal tract; FA, fractional 
anisotropy; FOP, fronto-orbito-polar tract; HV, healthy volunteers; L, left; R, right; RD, radial diffusivity; SLF, superior longitudinal fasciculus.

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 May 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hu et al. Page 19

Ta
b

le
 3

.

M
et

a-
re

gr
es

si
on

 f
in

di
ng

s 
on

 e
ff

ec
t o

f 
m

ea
n 

ag
e,

 s
ex

 (
%

 f
em

al
e)

, a
ff

ec
tiv

e 
sy

m
pt

om
s,

 a
nd

 m
ed

ic
at

io
n 

st
at

us
 o

n 
FA

 in
 B

D
 in

di
vi

du
al

s 
co

m
pa

re
d 

to
 H

V
. 

N
um

be
r 

of
 s

tu
di

es
 a

nd
 to

ta
l s

am
pl

e 
si

ze
 a

re
 r

ep
or

te
d 

in
 p

ar
en

th
es

es
.

P
ea

k 
M

N
I 

co
or

di
na

te
V

ox
el

s
P

R
eg

io
ns

P
ea

k 
M

N
I 

co
or

di
na

te
V

ox
el

s
P

R
eg

io
ns

A
G

E

Po
si

tiv
e 

ag
e 

ef
fe

ct
 (

57
 s

tu
di

es
, N

 =
 4

63
1)

 
N

eg
at

iv
e 

ag
e 

ef
fe

ct
 (

57
 s

tu
di

es
, N

 =
 4

63
1)

 

 
28

, −
18

, 1
4

29
.0

00
08

C
ST

, S
L

F
−

6,
 −

14
, 2

6
15

8
<

.0
00

01
C

C

 
32

, −
14

, 3
4

28
.0

00
22

SL
F

−
32

, −
60

, 1
4

62
<

.0
00

01
C

C

 
−

20
, 2

2,
 −

2
26

.0
00

33
FO

P

SE
X

M
al

es
 <

 F
em

al
es

 (
57

 s
tu

di
es

, N
 =

 4
63

1)
 

M
al

es
 >

 F
em

al
es

 (
57

 s
tu

di
es

, N
 =

 4
63

1)
 

 
32

, −
66

, 1
0

52
.0

00
01

C
C

18
, 3

0,
 −

10
63

.0
00

41
FO

P

 
50

, −
20

, 2
50

.0
00

01
A

F
16

, 3
6,

 3
2

40
.0

00
04

C
C

 
−

28
, −

66
, 1

4
25

.0
00

01
C

C
4,

 3
0,

 8
24

.0
00

75
C

C

 
−

46
, −

32
, 2

28
.0

00
03

A
F

−
36

, −
28

, 4
4

24
.0

00
16

SL
F

SY
M

P
T

O
M

S

N
eg

at
iv

e 
re

la
tio

n 
w

ith
 m

an
ic

 s
ym

pt
om

s 
(3

3 
st

ud
ie

s,
 N

 =
 2

11
8)

 
N

eg
at

iv
e 

re
la

tio
n 

w
ith

 d
ep

re
ss

iv
e 

sy
m

pt
om

s 
(3

0 
st

ud
ie

s,
 N

 =
 1

99
4)

 

 
26

, 1
6,

 3
0

17
7

<
.0

00
01

C
C

26
, −

22
, 3

6
16

5
<

.0
00

01
C

ST

 
18

, −
50

, 5
8

42
.0

00
37

C
C

−
20

, 2
8,

 −
10

10
7

.0
00

03
FO

P

 
−

20
, −

50
, 3

4
30

.0
00

58
C

C
22

, 3
6,

 0
63

.0
01

28
A

T
R

M
E

D
IC

A
T

IO
N

S

Po
si

tiv
e 

lit
hi

um
 e

ff
ec

t (
40

 s
tu

di
es

, N
 =

 3
15

9)
 

Po
si

tiv
e 

an
tip

sy
ch

ot
ic

 e
ff

ec
t (

47
 s

tu
di

es
, N

 =
 3

78
5)

 

 
20

, 3
8,

 −
6

20
5

.0
00

12
C

C
, A

T
R

14
, −

6,
 −

12
57

<
.0

00
01

In
te

r-
st

ri
at

al
 W

M

 
−

22
, 6

, 1
8

26
.0

00
06

A
T

R
14

, 2
8,

 −
12

53
.0

00
01

A
C

R

 
−

16
, 1

0,
 6

20
.0

00
15

A
T

R
−

50
, −

58
, 6

40
.0

00
06

A
F,

 I
L

F

 
−

28
, −

26
, −

8
44

.0
00

03
IL

F
14

, −
40

, 4
0

21
.0

00
02

C
in

gu
lu

m

 
20

, 3
2,

 3
0

33
.0

00
02

SL
F

 
−

6,
 −

38
, −

32
65

.0
00

18
A

T
R

 
4,

 −
18

, −
30

30
<

.0
00

01
C

ST

 
−

30
, −

18
, 3

2
24

.0
00

27
SL

F

 
−

46
, −

60
, 8

22
.0

00
16

SL
F

A
bb

re
vi

at
io

ns
: 

A
F,

 a
rc

ua
te

 f
as

ci
cu

lu
s;

 A
T

R
, a

nt
er

io
r 

th
al

am
ic

 r
ad

ia
tio

ns
; B

D
, b

ip
ol

ar
 d

is
or

de
r;

 C
C

, c
or

pu
s 

ca
llo

su
m

; C
ST

, c
or

tic
os

pi
na

l t
ra

ct
; F

A
, f

ra
ct

io
na

l a
ni

so
tr

op
y;

 F
O

P,
 f

ro
nt

o-
or

bi
to

-p
ol

ar
 tr

ac
t; 

H
V

, 
he

al
th

y 
vo

lu
nt

ee
rs

; I
L

F,
 in

fe
ri

or
 lo

ng
itu

di
na

l f
as

ci
cu

lu
s;

 S
L

F,
 s

up
er

io
r 

lo
ng

itu
di

na
l f

as
ci

cu
lu

s;
 W

M
, w

hi
te

 m
at

te
r.

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2024 May 20.


	Abstract
	INTRODUCTION
	METHODS AND MATERIALS
	Literature Searches
	Data extraction
	Whole-brain analyses

	RESULTS
	Literature Searches and Quality Assessment
	The role of WM aberrancies in the risk architecture of BD
	Bipolar disorder vs. healthy volunteers
	Individuals at risk vs. healthy volunteers
	Endophenotype vs. disease marker

	Factors influencing heterogeneity in WM aberrancies in BD
	Sociodemographic factors
	Affective symptoms
	Medication status


	DISCUSSION
	The role of WM aberrancies in the risk architecture of BD
	Factors influencing heterogeneity in WM aberrancies in BD
	Limitations
	Conclusion

	References
	Figure 1.
	Figure 2.
	Table 1.
	Table 2.
	Table 3.

