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Microstructural Alterations in Bipolar and Major Depressive Disorders: A 

Diffusion Kurtosis Imaging Study 

 

ABSTRACT 

BACKGROUND: Identifying structural and functional abnormalities in bipolar (BD) and 

major depressive disorders (MDD) is important for understanding biological processes.  

HYPOTHESIS: Diffusion kurtosis imaging (DKI) may be able to detect the brain’s 

microstructural alterations in BD and MDD and any differences between the two.  

STUDY TYPE: Prospective 

SUBJECTS: 16 BD patients, 19 MDD patients, and 20 age-and gender-matched healthy 

volunteers.  

FIELD STRENGTH/SEQUENCE: DKI at 3.0T  

ASSESSMENT: The major DKI indices of the brain were compared voxel-by-voxel among 

the three groups. Significantly different voxels were tested for correlation with clinical 

variables {i.e., Young Mania Rating Scale (YMRS), 17-item Hamilton Depression Rating Scale 

(17-HDRS), Montgomery-Åsberg Depression Rating Scale (MADRS), total disease duration, 

duration of current episode, and the number of past manic/ depressive episodes}. The 

performance of the DKI indices in identifying microstructural alterations was estimated. 

STATISTICAL TESTS: One-way ANOVA was used for group comparison of DKI indices. The 

performance of these indices in detecting microstructural alterations was determined by ROC 

analysis. Pearson’s product-moment correlation analyses were used to test the correlations of 

these indices with clinical variables.  

RESULTS: DKI revealed widespread microstructural alterations across the brain in each 

disorder (P<0.05). Some were significantly different between the two disorders. Mean kurtosis 

(MK) in the gray matter of the right inferior parietal lobe was able to distinguish BD and MDD 
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with an accuracy of 0.906. There revealed a strong correlation between MK in that region and 

YMRS in BD patients (r= -0.641, corrected P= 0.042) or 17-HDRS in MDD patients (r= -

0.613, corrected P= 0.030). There were also strong correlations between a few other DKI 

indices and disease duration (r= -0.676 or 0.626, corrected P<0.05).  

DATA CONCLUSION: DKI detected microstructural brain alterations in BD and MDD. Its 

indices may be useful to distinguish the two disorders or to reflect disease severity and duration. 
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INTRODUCTION 

Bipolar disorder (BD) and major depressive disorder (MDD) are the two most frequent 

mood disorders. The lifetime prevalence of these two disorders together approximate 20.0% 

(1). BD is characterized by recurrent episodes of elevated mood and depression, whereas MDD 

persistent low mood, loss of interest, fatigue, and low energy (2). Distinguishing these two 

disorders can sometimes be challenging since BD patients often begin with a depressive 

episode and remain depressive most of the time during the disease course (3). There has been 

evidence that BD is often misdiagnosed as MDD (3). Since the treatment regime is different 

between these two disorders, correct early diagnosis is essential. 

Recent evidence suggests differences in biological processes between these two 

disorders. First, gene expression profiles tend to vary. MDD has been reported as associated 

with five polymorphisms within the FKBP5 gene and to have shorter hippocampal telomere 

length (4, 5). On the other hand, lower relative expression levels of brain-derived neurotrophic 

factor (BDNF) mRNA have been detected in the peripheral venous blood samples of BD 

patients than MDD patients (6). Second, biochemical profiles also tend to vary. A positive 

correlation between the plasma cortisol level and serotonin transporter availability has been 

observed in the caudate nucleus and midbrain in MDD, but not in BD (7). Lower concentrations 

of choline and creatine compounds and N-acetyl aspartate have been reported in the parietal 

cortex of BD patients and posterior cingulate cortex of MDD patients (8). Third, the findings 

of neuroimaging studies also suggest differences in cortical thickness, functional connectivity, 

and cerebral blood flow in the frontal, parietal, and temporal lobes, between these two disorders 

(9-12). Three existing diffusion kurtosis imaging (DKI) studies also report lower axial kurtosis 

(AK) in the right putamen and higher mean diffusivity (MD) in the right caudate nucleus and 

superior cerebellar peduncle of BD patients than their MDD counterpart (11-13). There have 

also been diffusion tensor imaging (DTI) studies that report lower fractional anisotropy (FA) 
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in the anterior cingulate, corpus callosum, uncinate fasciculus, corticospinal tract, and superior 

longitudinal fasciculus in BD than MDD (14-18). However, reliable conclusions are yet to be 

made due to the small number of studies and inconsistent findings among them.  

MR imaging offers in vivo and noninvasive visualization of biological processes. Of 

several techniques, DKI is known to detect microstructural gray and white matter abnormalities 

through quantification in the deviation of water molecule diffusion from Gaussianity (19, 20). 

DKI has been widely accepted as more accurate and robust than DTI (21). It’s another 

advantage, compared to the other advanced diffusion imaging sequences, is the easiness to 

perform. Its performance has been satisfactory and superior to DTI in identifying 

microstructural abnormalities in several neurodegenerative diseases and psychiatric disorders, 

including BD and MDD (22-25). As mentioned previously, the observations of the initial DKI 

studies are suggestive of microstructural differences between BD and MDD (11, 12). 

Nevertheless, the existing DKI studies that attempt to identify or distinguish the microstructural 

alterations in BD and MDD are limited in number and fail to cover the whole brain (i.e., the 

evaluation was limited to the gray matter nuclei and part of the cerebellum) (11-13). From the 

previous DTI and DKI reports of BD and MDD, these disorders can have different DKI 

characteristics in those areas left unexplored (24, 25). Moreover, these characteristics may have 

clinical importance in distinguishing these two disorders or may serve as imaging indicators of 

disease severity. 

This prospective study was aimed to evaluate the microstructural alterations of the 

brain in BD and MDD by using the whole brain voxel-based DKI analysis. 

 

MATERIALS AND METHODS 

This prospective study was approved by the local institutional Ethical Review Board. 

Written informed consent was obtained from all participants. 
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Participants 

The patients were recruited during a 60-month period (October 2012 to October 2017). 

The inclusion criteria were age between 20 and 64 years and the diagnosis of BD or MDD 

based on the Structured Clinical Interview for Axis I Disorders according to the Diagnostic and 

Statistical Manual, Fourth Edition, Text Revision (DSM-IV-TR) (26). The exclusion criteria 

were an absolute contraindication to MR imaging, comorbidity of axis I or II disorders, history 

of uncontrolled cerebrovascular diseases, substance abuse or dependency, and any abnormality 

on conventional MR imaging sequences {i.e., T2-weighted imaging (T2WI) and fluid-

attenuated inversion recovery (FLAIR) imaging sequences}, or visible artifacts on the DKI and 

three-dimensional magnetization-prepared rapid acquisition gradient-echo imaging 

(MPRAGE) datasets as evaluated by a neuroradiologist (19-year experience). Seventeen BD 

patients and 19 MDD patients enrolled in the study{The sample size required to distinguish 

BD and MDD by FA of DTI is 16 for each group if the probabilities of type I and type II errors 

are set as 0.05 (18)}. All patients were receiving psychotropic medications (15, 17, 18). 

We also recruited twenty age-, gender-, and years of education-matched healthy 

volunteers in this study. The additional exclusion criterion for these volunteers was the history 

of psychiatric illnesses, which extended to first-degree relatives. 

 

Assessment of Psychiatric Symptoms 

All patients were evaluated for psychiatric symptoms at the time of initial hospital 

consultation, using the following clinical scales: Young Mania Rating Scale (YMRS), 17-item 

Hamilton Depression Rating Scale (17-HDRS), and Montgomery-Åsberg Depression Rating 

Scale (MADRS) (27-29). Total disease duration, the duration of the current disease episode, 

the number of past manic/depressive episodes, and the history of medication were also noted. 
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All assessments were performed by a board-certified psychiatrist. 

 

MR Imaging 

MR imaging was acquired using a 3.0 Tesla scanner (Achieva TX; Philips Medical 

Solutions, Best, the Netherlands) and a standard 32-channel head coil. MR imaging was 

performed within two weeks from the symptom assessment. Padding and fixation device were 

used to minimize head motion during acquisition. DKI was acquired with the following scan 

parameters: repetition time (TR)/echo time (TE)= 5032/85 ms, flip angle= 90°, voxel size= 2.9 

× 3.1 x 3.0 mm3, number of excitation (NEX)= 1, gapless, 43 axial sessions, b= 0, 1000, and 

2000 s/mm2, 32 diffusion gradient directions, and scan time= 7:54 min. Three-dimensional 

MPRAGE was also acquired for construction of brain mask and evaluation of any structural 

changes (TR/TE= 6.8/3.1 ms, inversion time (TI)= 1100 ms, flip angle= 8°, voxel size= 1 × 1 

× 1.2 mm3, NEX= 1, gapless, 170 sagittal sessions). Axial T2WI (TR/TE = 4137/90 ms) and 

FLAIR imaging (TR/TE= 10000/100 ms, TI= 2700 ms) were also acquired to exclude gross 

abnormalities. Visual review of MR imaging data was performed by an author with 19 years of 

experience in neuroimaging. The DKI and MPRAGE images with visible artifacts were 

excluded from further analysis, which resulted in the exclusion of one BD patient. 

 

Image Preprocessing 

Image realignment and correction for eddy current distortion were performed at the 

MR imaging operator console. Diffusional Kurtosis Estimator (DKE) version 2.6.0 (MUSC 

Center for Biomedical Imaging, Charleston, USA) was used to generate mean kurtosis (MK), 

AK, radial kurtosis (RK), MD, axial diffusivity (AD), radial diffusivity (RD), FA, and kurtosis 

fractional anisotropy (KFA) maps from the DKI data (19). The MK maps of all participants 

were then spatially normalized by using the default parameters of SPM12 (Wellcome Centre 
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for Human Neuroimaging, London, UK), which runs on MATLAB R2010b (Mathworks, 

Natick, USA). Next, the mean normalized MK map was generated and smoothed with a 6 mm 

full width half maximum (FWHM) Gaussian kernel to form a customized MK tissue 

probability map. We then repeated the spatial normalization of MK maps using the default 

parameters of SPM12 but with the customized MK tissue probability map this time (30). The 

transformation parameters were applied to all other index maps of DKI. All spatially 

normalized DKI maps were then smoothed with a 6-mm FWHM Gaussian kernel.  

Spatial normalization of all MPRAGE images and subsequent segmentation of the 

gray and white matter were performed by using the default parameters of SPM12. A brain mask 

that included only the brain parenchyma (i.e., the gray and white matter) of the participants 

was generated. The segmented gray and white matter were then smoothed with a 2-mm FWHM 

Gaussian kernel, to compare their densities. 

 

Data Analysis 

All statistical analyses were performed using SPM12 or the Statistical Package for the 

Social Sciences (SPSS) 24.0 for Windows (Chicago, Illinois). 

 

Demographic and Clinical Variables 

Age, gender, and years of education were compared among the three groups by using 

a one-way analysis of variance (ANOVA) or chi-square (χ2) tests. The clinical scales, disease 

duration, and the number of past manic/depressive episodes were compared between BD and 

MDD by using Student's t- and χ2 tests. For all comparisons, statistical significance was set as 

P<0.05 after correction for multiple comparisons. 

 

Group Differences in DKI Alterations 
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The major DKI indices of the brain parenchyma covered by brain mask were 

compared voxel-by-voxel among the three groups by using one-way ANOVA. P<0.001 for 

clusters containing at least 50 voxels was considered statistically significant. Age, gender, and 

years of education were considered as covariates. The mean values of significant clusters, if 

any, were extracted by using MarsBar-0.44 (The fMRI Centre of Marseilles, Marseille Cedex, 

France) and compared among the groups by using Bonferroni post hoc tests. The WFU 

PickAtlas version 2.4 (Wake Forest University Health Sciences, North Carolina, USA) was 

used to locate each brain region.  

To evaluate if the microstructural alterations detected by DKI were accompanied by 

structural changes, the gray and white matter densities of the brain were compared among the 

three groups by using one-way ANOVA and Bonferroni post hoc tests. As in DKI data analysis, 

P<0.001 for clusters containing at least 50 voxels was considered significant, and age, gender, 

and years of education were considered as covariates. 

 

Effect of Psychotropic Medications on the DKI Alterations 

For each patient group, the mean values of significant DKI clusters revealed by one-

way ANOVA were compared between those receiving a specific psychotropic medication (i.e., 

antidepressant, mood stabilizer, or antipsychotic drug) and those did not. Student’s t-tests were 

used, and statistical significance was set as P<0.05. 

 

Clinical Relationships of the DKI Alterations 

The mean values of the clusters with significant DKI alterations in the patients were 

then tested for correlation with the clinical variables (i.e., total disease duration, duration of 

current episode, number of past manic/ depressive episodes, and the clinical scales) by using 

Pearson’s product-moment correlation analyses, controlling for covariates. The P values were 
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corrected for the number of clinical variables evaluated, and corrected P<0.05 was considered 

significant. The diagnostic performance of DKI indices in distinguishing the three groups was 

determined by using receiver operating characteristic (ROC) analysis. Sensitivity and 

specificity were defined as the maximum on each ROC curve. The best cut-off values to 

distinguish the three groups were also determined. The area under curves (AUC) and 95% 

confidence intervals were estimated through bootstrapping with 1000 repetitions (31).  

 

RESULTS 

Demographic and Clinical Variables 

The demographic and clinical variables are summarized in Table 1. There were no 

significant differences in age, gender, and years of education among the three groups. The BD 

patients tended to have longer total disease duration than MDD patients. The duration of the 

current disease episode was significantly longer in MDD. The BD patients had a larger number 

of past manic/depressive episodes than MDD patients. The two groups did not differ 

significantly in the severity of clinical symptoms. One BD and two MDD patients were in 

complete remission. Fourteen BD and 17 MDD patients were in the depressive episode. A BD 

patient was in the mixed episode. No patient was in the manic episode (27-29). 

 

Group Differences in DKI Alterations 

Fig 1s shows the results of the voxel-by-voxel comparison of the major DKI indices 

among the three groups, by using one-way ANOVA. There were several significant clusters, 

and their numbers were five each for MK and AK, four for RK, 10 for MD, eight for AD, 11 

for RD, seven for FA, and 15 for KFA.  

Of these clusters, post hoc analyses revealed that the MDD patients had significantly 

higher MK in the gray matter of the right inferior parietal lobe, higher MK and RK in the white 
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matter of the right precentral gyrus, higher AK in the white matter of the right supramarginal 

gyrus, left putamen, and the left side of the midbrain, lower MD, AD and RD in the gray matter 

of the right precuneus and bilateral cunei, lower RD in the right culmen, higher KFA in the 

white matter of the right superior frontal gyrus and left temporal lobe, and lower KFA in the 

white matter of the right cingulate gyrus and right inferior frontal operculum, than the BD 

patients (Fig 1). Of note, MK in the gray matter of the right inferior parietal lobe and AK in the 

white matter of the right supramarginal gyrus of the MDD patients and MK and RK in the 

white matter of the right precentral gyrus of both patient groups were higher than those of the 

healthy volunteers.  

In addition to these differences between the two patient groups, the post hoc analyses 

also revealed significant alterations in one or more of the DKI indices  i.e., lower mean or 

directional kurtosis, higher or lower mean or directional diffusivity, and lower anisotropy  in 

widespread brain regions including bilateral frontal, parietal, temporal, and limbic lobes, left 

putamen, right thalamus, and brainstem, in both patient groups compared to healthy volunteers. 

The lesion distributions are detailed in Table 1s. The MDD patients additionally had lower MD, 

AD and RD in the gray matter of the right precuneus and bilateral cunei, lower RD in the right 

culmen, and lower KFA in the right temporal white matter than the healthy volunteers. 

No significant difference in the gray or white matter density was observed among the 

three groups.  

 

Effect of Psychotropic Medications on the DKI Alterations 

Of 65 clusters given in Fig 1s and Table 1s, the mean values of 11 clusters (i.e., five, 

two, and four clusters for an antidepressant, mood stabilizer, and antipsychotic drug, 

respectively) differed between the BD patients receiving medications and those who did not. 

For MDD patients, there was only one cluster which differed significantly between those 
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receiving mood stabilizer and those who did not. The mean values of these clusters are given 

in Fig 2s. 

 

Clinical Relationships of the DKI Alterations 

A significant strong negative correlation was observed between MK in the gray matter 

of the right inferior parietal lobe and YMRS in the BD patients (r= -0.641, corrected P= 0.042) 

(Fig 2a) or 17-HDRS in the MDD patients (r= -0.613, corrected P= 0.030) (Fig 2b). KFA of 

the right inferior frontal operculum (r= -0.676, corrected P = 0.012) (Fig 3a) and MD in the 

white matter of the right orbital gyrus (r= 0.626, corrected P= 0.024) (Fig 3b) showed 

significant strong negative and positive correlations with total disease duration, in the MDD 

patients. MD in the white matter of triangular part of the right inferior frontal gyrus showed a 

significant strong positive correlation with the duration of current disease episode in the BD 

patients (r= 0.696, corrected P= 0.018) (Fig 3c).  

Table 2 summarizes the results of the ROC analysis. The best cut-off value was 

achieved with MK in the gray matter of the right inferior parietal lobe, which was 0.836. With 

this value, the BD and MDD patients could be distinguished with sensitivity and specificity of 

0.895 and 0.875, respectively (AUC = 0.906, 95% confidence interval = 0.803-1.000). 

 

DISCUSSION 

We report DKI comparisons of microstructural alterations throughout the brain 

between BD and MDD. The results suggest specific differences in microstructural organization 

of cerebral cortex and white matter between the two disorders, in addition to those in deep gray 

matter nuclei and cerebellar hemispheres (11, 12). Of these differences, MK in the gray matter 

of the right inferior parietal lobe might have diagnostic value in distinguishing BD and MDD. 

In this study, MK in this region declined in the order of MDD patients, healthy volunteers, and 
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BD patients. The right inferior parietal cortex is known to involve in motor learning, execution, 

inhibition, cognition of time and space, reasoning, working memory, and attention (32). Higher 

local MK in MDD may be due to delayed or failed dendritic pruning probably associated with 

hypergyrification, cortical thickening, or both, whereas lower MK in BD may be the result of 

a decrease in the number of neurons or dendritic arborization (9, 33-36). Hypergyrification and 

cortical thickening of the right inferior parietal cortex have been reported in MDD, and focal 

cortical thinning has been documented in BD (9, 33, 34, 36). Lack of significant difference in 

the gray and white matter densities may suggest that these microstructural alterations appear 

earlier or persist later than the structural abnormalities. The observation of similar pattern of 

AK alterations in the white matter of the right supramarginal gyrus  a part of the right inferior 

parietal lobe, may be viewed as reorganization of axons underlying the cortex with 

hypergyrification in MDD and axonal loss or degeneration in BDD (37). Similarly, lower MD, 

AD, and RD values observed in the other cortical gray matter regions such as precuneus and 

cuneus and the right culmen in the MDD patients are also thought to support the consideration 

that MDD is characterized by delayed or failed dendritic pruning probably associated with 

hypergyrification or cortical thickening.  

The observation of higher MK and RK in BD and MDD in the white matter of right 

precentral gyrus may suggest that similar microstructural alterations as those described above, 

i.e., reorganization in the white matter microstructure, encounter. A change in RK instead of 

AK is thought to indicate that a more pronounced alteration occurs in the direction 

perpendicular to the principal axis of white matter axons. An increase in oligodendrocyte 

density or cell clustering of astrocytes may be responsible (38). Antidepressant medication may 

have implicated in BD patients (39). Dysfunction in the dopamine pathways connecting the 

precentral gyrus and the midbrain or thalamus has been linked to psychomotor retardation in 

affective disorders (33). The observation of significant differences in MK and RK between BD 
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and MDD may merely be a variation in the magnitude of alterations. However, the lack of 

significant overlying cortical changes may need further investigation. Altered DKI indices such 

as lower AK in the midbrain and putamen may also be related to dysfunction of the dopamine 

pathways.  

The results of this study also show the widespread involvement of the brain 

microstructure in BD and MDD. Psychotropic medication may have affected a few clusters, 

but the majority of the observations are likely independent of the medication. The clusters 

which reveal significant alterations in the DKI indices in this study are known to play a role in 

mood regulation, and abnormalities in these regions have been reported in affective disorders 

(5, 8-12, 15-18, 40). The results of this study are thus thought to support the existing evidence 

about neural underpinnings associated with these affective disorders. The ability to distinguish 

BD and MDD from the healthy volunteers, with high accuracies, by KFA in the white matter 

of the right superior frontal gyrus and AK in the white matter of cingulate gyrus is thought to 

suggest the potential application of these indices in unveiling the state-dependent changes in 

tissue microstructure. The observation of the significant correlation of KFA in the right inferior 

frontal operculum and MD in the white matter of the right orbital gyrus and triangular part of 

the right inferior frontal gyrus with disease duration may imply that these regions are 

susceptible to early injury or less responsive to medication. The fewer number of significant 

clusters in BD patients may be due to a relatively larger proportion of these patients with mild 

depression. 

 

Limitations  

First, the duration of the current disease episode and the number of past 

manic/depressive episodes were not identical between BD and MDD. These differences may 

have confounded the results, but it is thought that the effect is negligible in most regions since 
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there was a lack of significant correlation between these variables and DKI alterations in most 

regions of the brain. Second, the diagnostic accuracy was tested on the same sample. 

Confirmation with a separate validation dataset would be ideal, but bootstrapping was done to 

achieve robust results as possible. Third, the sample size is small. The results of this study need 

to be confirmed with studies involving larger sample sizes that include medication-naïve 

patients. Fourth, because this study was designed to evaluate if the major DKI indices could 

identify the microstructural alterations of the brain in BD and MDD, the reversibility of these 

lesions cannot be determined. A longitudinal study needs to be conducted to understand this. 

However, from the observation of high MK values in the gray matter of the right inferior 

parietal lobe in the MDD patients with complete remission, it is thought that the reversibility 

of the lesions does not occur at least immediately. 

 

Conclusion 

 This study highlights the variation in microstructural alterations of the brain between 

BD and MDD, which may have potential diagnostic value in distinguishing the two disorders 

or potential clinical value by reflecting the disease severity. The observation about these 

variations may also be helpful in better understanding of the pathological processes occurring 

in these disorders and for future drug discovery.  
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TABLES 

Table 1. A summary of the demographic and clinical variables of the participants.  

 BD (n=16) MDD (n=19) Healthy volunteers (n=20) Statistics 

Age (years) 47.56 (11.99) 44.47 (14.46) 41.40 (8.73) F= 1.20, P= 0.311 

Gender (men/women) 11/5 8/11 8/12 χ2= 3.51, P= 0.173 

Total education (years) 14.12 (2.65) 13.94 (2.74) 14.85 (2.05) F=0.717, P= 0.493 

Total disease duration (months) 256.81 (160.91) 163.39 (124.30) - t = 1.91, P= 0.066 

Duration of the current disease 

episode (days) 

59.88 (26.40) 261.11 (250.19) - t = -3.20, P= 0.003 

Number of past manic/depressive 

episodes 

8.38 (5.49) 2.11 (1.32) - t = 4.70, P< 0.001 

YMRS 1.44 (2.37) 0.42 (0.90) - t= 1.73, P= 0.092 

17-HDRS 14.75 (5.51) 17.21 (5.67) - t= -1.30, P= 0.204 

MADRS 18.37 (8.69) 24.36 (10.62) - t= -1.80, P= 0.080 

Number of patients in     
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  complete remission 1 2  χ2= 0.20, P= 0.653 

  manic episode 0 0   

  depressive episode 14 17  χ2= 0.03, P= 0.885 

  mixed episode 1 0   

Severity of depressive episode     

  mild depression 11 7  χ2= 3.54, P= 0.06 

  moderate depression 2 6  χ2= 1.79, P= 0.181 

  severe depression 1 4  χ2= 1.55, P= 0.213 

Number of patients taking     

  antidepressant 7 17  χ2= 8.43, P= 0.004 

  mood stabilizer 14 5  χ2= 13.10, P= 0.001 

  antipsychotic drug 9 8  χ2= 0.70, P= 0.404 

The mean values and standard deviation in parentheses are given for age, total education, disease duration, number of past manic/depressive 

episodes, and the clinical scales. 

Abbreviations: BD= bipolar disorder, MDD= major depressive disorder, YMRS= Young Mania Rating Scale, 17-HDRS= 17-item Hamilton 
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Depression Rating Scale, MADRS= Montgomery-Åsberg Depression Rating Scale 
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Table 2. The results of receiver-operating characteristics (ROC) analysis.  

DKI 

index 

Anatomical 

location 

MNI 

coordinates 
BD versus MDD BD versus healthy volunteers MDD versus healthy volunteers 

X Y Z 

Cut-off value 

(sensitivity, 

specificity) 

P 
AUC 

(95%CI) 

Cut-off value 

(sensitivity, 

specificity) 

P 
AUC 

(95%CI) 

Cut-off value 

(sensitivity, 

specificity) 

P 
AUC 

(95%CI) 

 

MK 

 

White 

matter of the 

right 

precentral 

gyrus 

 
 

 

22 

 

-21 

 

55 

 

1.050 

(0.737, 

0.625) 

 

0.013 

 

0.732 

(0.569-

0.883) 

 

0.954 

(0.813, 

0.750) 

 

0.003 

 

0.780 

(0.622-

0.934) 

 

0.978 

(0.947, 

0.900) 

 

<0.001 

 

0.909 

(0.784-

1.000) 

MK Gray matter 

of the right 

46 -39 49 0.836 

(0.895, 

0.875) 

0.000 0.906 

(0.803-

1.000) 

0.954 

(0.850, 

0.688) 

0.005 0.746 

(0.573-

0.920) 

0.954 

(0.895, 

0.650) 

0.002 0.777 

(0.639-

0.901) 
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inferior 

parietal lobe 

 
 

AK Left side of 

the midbrain 

 
 

-11 -17 -18 0.699 

(0.789, 

0.813) 

0.002 0.785 

(0.628-

0.944) 

0.734 

(0.950, 

0.875) 

<0.001 0.943 

(0.844-

1.000) 

0.795 

(0.750, 

0.842) 

0.003 0.771 

(0.613-

0.914) 

AK Left  

putamen 

 
 

-25 -2 8 0.754 

(0.684, 

0.688) 

0.037 0.683 

(0.492-

0.850) 

0.798 

(0.900, 

0.750) 

<0.001 0.892 

(0.778-

0.978) 

0.854 

(0.750, 

0.737) 

0.002 0.776 

(0.621-

0.907) 

RK White 

matter of the 

right 

precentral 

gyrus 

 
 

22 -21 54 1.422 

(0.632, 

0.750) 

0.003 0.706 

(0.533-

0.865) 

1.214 

(0.813, 

0.750) 

0.001 0.810 

(0.650-

0.958) 

1.310 

(0.895, 

0.950) 

<0.001 0.917 

(0.813-

1.000) 
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KFA White 

matter of the 

left temporal 

white matter 

 
 

-35 0 -30 0.605 

(0.579, 

0.750) 

0.031 0.718 

(0.544-

0.859) 

0.642 

(0.800, 

0.938) 

<0.001 0.892 

(0.767-

0.984) 

0.649 

(0.800, 

0.789) 

0.001 0.787 

(0.645-

0.918) 

KFA White 

matter of the 

right 

superior 

frontal gyrus 

 
 

21 9 45 0.551 

(0.789, 

0.632) 

0.003 0.771 

(0.607-

0.910) 

0.586 

(1.000, 

1.000) 

<0.001 1.000 

(1.000-

1.000) 

0.608 

(0.900, 

0.842) 

<0.001 0.889 

(0.784-

0.986) 

KFA White 

matter of the 

right 

cingulate 

gyrus 

13 -22 31 0.475 

(0.813, 

0.684) 

0.003 0.772 

(0.605-

0.911) 

0.530 

(0.850, 

0.750) 

<0.001 0.829 

(0.681-

0.950) 

0.517 

(0.950, 

0.842) 

<0.001 0.906 

(0.808-

1.000) 
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KFA White 

matter of the 

right frontal 

operculum 

 
 

41 20 8 0.365 

(0.813,0.632) 

0.010 0.741 

(0.567-

0.891) 

0.475 

(0.700,0.750) 

0.003 0.784 

(0.634-

0.914) 

0.431 

(0.850, 

0.895) 

<0.001 0.931 

(0.850-

0.987) 

Sensitivity and specificity are given in %.  

Abbreviations: DKI= diffusion kurtosis imaging, MNI= Montreal Neurological Institute, BD= bipolar disorder, MDD= major depressive disorder, 

AUC= area under curve, CI= confidence interval, MK= mean kurtosis, AK= axial kurtosis, RK= radial kurtosis, KFA= kurtosis fractional 

anisotropy 
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FIGURE LEGENDS 

Fig 1. Clusters with significant difference (uncorrected P<0.001, 50 voxels) in mean kurtosis 

(MK), axial kurtosis (AK), radial kurtosis (RK), mean diffusivity (MD), axial diffusivity (AD), 

radial diffusivity (RD), and kurtosis fractional anisotropy (KFA) between bipolar disorder (BD) 

and major depressive disorder (MDD), as analyzed by one-way analysis of variance (ANOVA) 

and Bonferroni post hoc tests. The clusters are overlaid on the axial magnetization-prepared 

rapid acquisition gradient-echo imaging (MPRAGE) images. The red, blue, and yellow colors 

in the uppermost row represent clusters with significantly higher MK, AK, and RK in MDD 

patients, respectively. The pink, cyan, and orange colors in the middle row represent clusters 

with significantly lower MD, AD, and RD in the MDD patients, respectively. The red and pink 

colors in the lowermost row represent clusters with significantly higher and lower KFA in the 

MDD patients. L indicates left. 

Fig 2. The results of tests of correlation between mean kurtosis (MK) in the gray matter of the 

right inferior parietal lobe and (a) Young Mania Rating Scale (YMRS) in the bipolar disorder 

(BD) patients and (b) 17-item Hamilton Depression Rating Scale (17-HDRS) in the major 

depressive disorder (MDD) patients. The straight lines indicate the mean and the curved lines 

95% confidence interval. The black and gray circles indicate the patients in complete remission 

and the mixed episode, respectively.  

Fig 3. The results of tests of correlation of the (a) kurtosis fractional anisotropy (KFA) of the 

right inferior frontal operculum of the major depressive disorder (MDD) patients, (b) mean 

diffusivity (MD) in the white matter of right orbital gyrus of the MDD patients, and (c) MD in 

the white matter of the left orbital gyrus of the bipolar disorder (BD) patients, with total disease 

duration or duration of current disease episode. The straight lines indicate the mean and the 

curved lines 95% confidence interval. The black and gray circles indicate the patients in 

complete remission and the mixed episode, respectively.
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FIGURES 

Fig 1 
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Fig 2a 
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Fig 2b  

 

 

 

 

 

 

 

 

 

 

 

 



DKI Alterations in BD and MDD 32 
 
Fig 3a 
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Fig 3b 
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Fig 3c 
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SUPPLEMENTARY MATERIALS 

Fig 1s. The results of the voxel-by-voxel comparison of the diffusion kurtosis imaging (DKI) 

indices among the three groups, as analyzed by using one-way analysis of variance (ANOVA). 

Clusters showing significant differences in the DKI indices are shown (uncorrected P<0.001, 

≥ 50 voxels), by overlaying on the axial MPRAGE images. Alterations in mean kurtosis (MK) 

(red), axial kurtosis (AK) (blue), and radial kurtosis (RK) (yellow) are shown in the uppermost 

row. Those in mean diffusivity (MD) (red), axial diffusivity (AD) (blue), and radial diffusivity 

(RD) (yellow) are shown in the middle row. Those in kurtosis fractional anisotropy (KFA) (red) 

and fractional anisotropy (FA) (blue) are shown in the lowermost row. L indicates left. 

Fig 2s. The mean values of clusters which differ significantly between the patients receiving 

antipsychotic medications (a-e for antidepressant, f-h for mood stabilizer, or i-l for 

antipsychotic drug) and those who do not. * indicates P<0.05. + denotes those receiving 

antipsychotic medication and - those who do not.  

Table 1s. Clusters with significant difference in the DKI indices among the three groups. 
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