
INTRODUCTION

Bipolar disorder (BD) is characterized by alternating epi-
sodes of mania and depression. The depressive episodes of 
BD are the most common mood manifestation of the illness. 
This is dramatically demonstrated in a long-term follow-up 
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of 146 patients with bipolar disorder, which found that nearly 
half of the time over 13 years patients were symptomatic in 
some fashion, overwhelmingly with depressive symptoms.1 It 
was reported that nearly 69% of BD patients had been misdi-
agnosed, with the most frequent misdiagnosis being major 
depressive disorder or recurrent unipolar depression (UD), 
leading to inadequate treatment, huge medical costs and poor 
clinical outcomes.2 UD is characterized only by episodes of 
depression, and its lifetime prevalence ranges from 10% to 
30%.3,4 However, consistent biomarkers distinguishing the 
two disorders have been elusive. Accumulating evidence sug-
gests a wide spread structural and functional brain abnor-
malities in patients with BD and UD.5 But only a few neuroim-
aging studies have already been published directly comparing 
the two disorders.

Basal ganglia and thalamus are potential key brain regions 
involved in mental disorders. These regions have been related 
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to cognitive and emotional processing especially via cortico-
basal ganglia, cortico-thalamic and cortico-limbic circuits, 
and critically implicated in executive functions that are com-
monly impaired in psychotic conditions.6-10 These structures 
have traditionally been viewed as motor processing nuclei 
such as Parkinson’s disease8,11,12 and Huntington’s disease.13,14 
However, functional neuroimaging evidence has implicated 
them in more complex cognitive and affective processes that 
are fundamental for a range of human activities.6,7,15 Recently, 
it has been suggested that the basal ganglia and thalamus may 
play an important role in the development of BD and UD.16,17 
Structural magnetic resonance imaging (MRI) studies have 
indicated volumes reduction and shape changes in these re-
gions in the two disorders.16,18-22 Functional MRI studies have 
demonstrated functional impairment in these structures in 
BD23 and UD.24 However, because of the limits of convention-
al MRI technology, far too little attention has been paid to 
the microstructural changes and perfusional abnormalities in 
basal ganglia and thalamus which might help to clarify the 
neuropathological mechanisms of the two disorders. 

In recent years, diffusional kurtosis imaging (DKI), a rela-
tively new diffusional technique, has been progressively used 
for brain studies. Compared with the traditional diffusion 
tensor imaging (DTI) technique, DKI characterizes non-
Gaussian water distribution while conventional DTI charac-
terizes Gaussian diffusion in neural tissue.25-27 DKI is a straight-
forward extension of DTI which only requires minor changes 
in data acquisition and processing.25,28 Based on the same type 
of pulse sequences as employed for conventional diffusion 
weighted imaging (DWI), but the required b values are some-
what larger than those usually employed. Research shows 
that DKI can provide more information about the microstruc-
tural abnormalities of brain tissue than traditional DTI,25,29,30 
and is not confined to anisotropic environments, therefore, 
the microstructural integrity of both white and gray matter 
can be quantitatively analyzed, even in the regions where there 
are crossing fibers.25 This sensitivity to gray matter may be of 
great importance in the examination of the microstructural 
integrity in the basal ganglia and thalami since these struc-
tures are all gray matters. Based on DKI data, in addition to 
the conventional diffusion metrics, such as fractional anisot-
ropy (FA) and mean diffusivity (MD), axial diffusivity (Da) 
and radial diffusivity (Dr), the kurtosis parameters, including 
mean kurtosis (MK), axial kurtosis (Ka) and radial kurtosis 
(Kr), were obtained to quantify the deviation of water diffu-
sion from a homogeneous, unrestricted, free distribution. 
Since DKI first introduced by Jensen et al.,28 it has shown 
promising preliminary results for several brain diseases in-
cluding temporal lobe epilepsy,27 Parkinson disease,31 atten-
tion-deficit hyperactivity disorder,32 as well as schizophre-

nia.33 So far, however, there has been little study related to BD 
and UD by using DKI to evaluate the microstructural integ-
rity of the subcorticalgray matter regions.

Some recent studies34-36 conducting functional investiga-
tions of BD or UD have also reported impairment of perfu-
sion and have demonstrated that changes in cerebral blood 
flow (CBF) might play a role in the development of the two 
disorders. Three dimensional arterial spin labeling (3D ASL) 
is a relatively novel developed MR perfusion technique that 
can noninvasively assess CBF by using arterial blood water as 
an endogenous freely diffusible tracer. However, only limited 
literature uses this technique to investigate the perfusion 
changes of these disorders.37,38 Our previous cross-sectional 
study36 shows preliminary results uses 3D ASL in cerebellum 
in the two disorders.

In the present study, we aimed to investigate the possible 
abnormalities of basal ganglia, and thalamusin BD-II and UD 
by using DKI and 3D ASL. We hypothesized that the two pa-
tient groups would share similarities and exhibit differences 
in microstructural and perfusional changes in these regions. 
To our best knowledge, this is the first study to show the mi-
crostructural integrity in the subcortical gray matter regions 
in vivo in the two disorders, which might help differentiate 
BD-II from UD depression.

METHODS 

Subjects
Thirty-five patients with depressed BD and 30 patients with 

UD in depressive episode were recruited from the in-patient 
unit of the psychiatry department, First Affiliated Hospital of 
Jinan University, Guangzhou, China. The patients were aged 
from 18 to 55 years. All participants met DSM-IV criteria 
based on the Structured Clinical Interview for DSM-IV Patient 
Edition (SCID-P) for BD and UD with a score 18 or greater 
on the 17-item Hamilton Depression Rating Scale (HDRS). 
Patients with other Axis-I psychiatric disorders, a history of 
organic brain disorder, neurological disorders, mental retar-
dation, cardiovascular diseases, alcohol/substance abuse, preg-
nancy, or any physical illness were excluded from the study. 
None of the patients had ever received electroconvulsive ther-
apy prior to participating in the study. At the time of the study, 
20 patients in the BD group and 23 in the UD group were ei-
ther medication-naive or had been unmedicated for at least 
five months. The remaining patients with BD were receiving 
antidepressants (duloxetine or paroxetine), and/or mood sta-
bilizers (lithium, sodium valproate), and/or atypical antipsy-
chotic medications (olanzapine or risperidone). The remain-
ing patients with UD were receiving antidepressants (duloxetine 
or paroxetine). The treatment duration for these BD and UD 
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patients was no more than six weeks.
Forty healthy controls (HC) were recruited by local adver-

tisements. They were carefully screened through a diagnostic 
interview, the Structured Clinical Interview for DSM-IV Non-
patient Edition (SCID-NP), to rule out the presence of current 
or past history of substance abuse/dependence or any psychi-
atric illness in self or in first-degree relatives. Further exclusion 
criteria for HC were any history of cerebrovascular disease, 
past head injury, epilepsy, migraine, hypertension, diabetes, 
and other types of disorders potentially affecting the central 
nervous system. All participants were right-handed and were 
submitted to MRI scanning within 48 h of initial contact. This 
study was conducted in accordance with the Declaration of 
Helsinki (1989) and was approved by the Ethics Committee 
of the First Affiliated Hospital of Jinan University, China. All 
participants signed informed consent form after a full written 
and verbal explanation of the study. Two senior clinical psy-
chiatrists confirmed that all subjects had the ability to consent 
to participate in the examination.

MR techniques
Experiments were conducted on a 3 Tesla MR system (Dis-

covery MR 750 System, GE Healthcare, Milwaukee, WI, USA) 
with an 8-channel phased array head coil. Subjects were sc-
anned in a supine, head-first position with symmetrically placed 
cushions on both sides of the head to decrease motion. 

The DKI experiments were performed using a twice-refo-
cused-spin-echo (TRSE) diffusion sequence with 15 different 
diffusion encoding directions using an optimized sampling 
strategy. For each direction, six b-values (b=0, 500, 1000, 1500, 
2000, 2500 s/mm2) were used. Other imaging parameters 
were: TR=4500 ms, TE=minimum, field of view (FOV)= 
256×256 mm2, matrix=128×128, parallel imaging factor of 2 
with 24 k-lines used as references, number of averages=2, 
slice thickness=2 mm, voxel size=2×2×2 mm3. The total scan 
duration for the DKI sequence was 12 min 5 sec. 3D ASL was 
performed by use of a pseudocontinuous arterial spin label-
ing (pCASL) period of 1500 ms with a post labeling delay time 
of 1525 ms. TR=4632 ms, TE=10.5 ms, FOV=24×24 cm, slice 
thickness=4 mm. Whole-brain images were obtained with 
an interleaved 3D stack of spirals fast spin echo (FSE) sequence 
and background suppression. Multiarm spiral imaging was 
used, with 8 arms and 1024 points acquired on each arm. A 
high level of background suppression was achieved by use of 
4 separate inversion pulses spaced around the pseudocontin-
uous labeling pulse. The entire process took 4 min 29 sec to 
complete which included proton attenuation. In addition, a 
three dimensional brain volume imaging (3D BRAVO) se-
quence covering the whole brain was used for structural data 
acquisition with: TR/TE=8.2 msec/3.2 msec, slice thick-

ness=1.0 mm, gap=0 mm, matrix=256×256, FOV=24×24 
cm, NEX=1, flip angle=12°, bandwidth=31.25 Hz, acquisition 
time=3 min 45 sec. Routine MRI examination images were 
also collected for excluding anatomic abnormality, such as T1 
weighted, T2 weighted, DWI, and T2/fluid-attenuated inver-
sion recovery (FLAIR) images. All participants were found, by 
two experienced radiologists, to have no abnormalities on rou-
tine MRI.

Data processing
The data were transferred to a dedicated workstation (Gen-

eral Electric Advantage Workstation 4.5) where the DKI and 
3D ASL data were post-processed using Functool software 
version 9.4.05a. The Functool program corrected echo planar 
imaging (EPI) distortion and eddy current. The diffusion and 
kurtosis tensors were calculated using the DKI model de-
scribed previously by Jensen et al.26,28 which embedded in the 
Functool software. The key relationship is

                         [1]

Where S(b) is the signal intensity at the echo time, Dapp is 
the apparent diffusion coefficient, and Kapp is the apparent dif-
fusional kurtosis. The parameter b is given by the usual expres-
sion b=(γδg)2 (Δ-δ/3), where γ is the proton gyromagnetic ra-
tio. In carrying out the expansion of equation [1], it is assumed 
that b is changed by varying the gradient strength g with the 
timing parameters δ and Δ being kept fixed. Just as Dapp is an 
estimate for the diffusion coefficient in the direction parallel 
to the orientation of diffusion sensitizing gradients, Kapp is an 
estimate for the diffusional kurtosis in this same direction.28 
With our DKI protocol, we obtained parametric maps related 
to diffusional kurtosis: MK, Ka and Kr. Conventional DTI-
based metrics were also derived, including FA, MD, Da and 
Dr. Details for the computation of these metrics have been 
described previously.25,26

The kinetic model for 3D ASL proposed by Alsop and De-
tre was used in this study.39 Besides, we included a term for 
the finite labeling duration40 and correct the incomplete re-
covery of the tissue signal in the reference image due to the 
saturation performed tsat (2000 ms) before imaging.41 The 
quantitative CBF maps were generated using the following 
equation41,42: 

                     [2]

Where CBF is the cerebral blood flow; T1b is the T1 relax-
ation time of the blood (1600 ms) in 3.0T, T1g represents the 
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T1 relaxation time of the gray matter (1200 ms) in 3.0T, tsat is 
the duration time of saturation pulse performed before imag-
ing (2000 ms), α is the labeling efficiency (0.8), λ is brain/blood 
partition coefficient (0.9), τ is the labeling duration (1500 
ms), ω is the postlabeling delay time (1525 ms). The inver-
sion slab is 22 mm below the acquired volume. Resolution of 
pCASL data is 3.7 mm (FOV: 24 cm, reconstructed matrix: 
64×64).

Regions of interest (ROIs) drawing methods were made 
based on Xueying et al.11 and He et al.’s12 ROIs analysis and 
our previous study,36 and determined by two independent neu-
roradiologists (LP. Zhao and Y. Wang, with 5 and 9 years of 
experience, respectively) who were blinded to the patient or 
control status. For each subject, DKI, 3D ASL and 3D BRA-
VO can fused with each other. ROIs manually placed in the 
bilateral caudate nucleus head, putamen and thalamus on the 
maximum level of these structures. Considering the relatively 
low resolution of the DKI and CBF maps, we selected high 
resolution 3D BRAVO images to fuse with the DKI and CBF 
maps as the reference image. The b0 image (which is essentially 
a T2-weighted image) for the slices with bilateral caudate nu-
cleus head, putamen and thalamus and the high resolution 
3D BRAVO images illustrate how and where the ROIs were 
drawn in these structures (Supplementary Figure 1 in the on-
line-only Data Supplement). Separate ROIs were drawn care-
fully in the bilateral caudate nucleus head, putamen and 
thalamus, which are hypointense on the b0 images firstly, and 
then the 3D BRAVO images were used to minimize variation 
and better delineate the borders of the ROIs against surround-
ing structures (i.e., internal capsule and external capsule), which 
appear hyperintense on the 3D BRAVO images. For each 
subject, ROI sizes were identical in the left and right hemi-
spheres by using the mirror symmetry tools from the Func-
tool software. However, the size of caudate nucleus, putamen 
and thalamus differed among the subjects, and thus the ROIs 
could not be the same. The areas in the caudate nucleus, pu-
tamen and thalamus ranged from 101 to 171 mm2, from 232 
to 495 mm2 and from 424 to 598 mm2 respectively. Major 
vascular structures and artefacts were avoided in placing the 
ROIs. All these ROIs of DKI parameters were then transferred 
to the maps of FA, MD, Da, Dr, MK, Ka, and Kr (Supplemen-
tary Figure 2 in the online-only Data Supplement) while the 
ROIs of 3D ASL were transferred to the maps of CBF (Sup-
plementary Figure 2H in the online-only Data Supplement) 
for measurement. 

Statistical analysis
Statistical analyses were performed using SPSS for Windows 

software, version 17.0 (SPSS Inc., Chicago, IL, USA). Distri-
butions of age and years of education between the three 

groups were compared with one-way analysis of variance (ANO-
VA). Chi-square test was used to compare gender distribu-
tions. Multivariate analysis of variance (MANOVA) with Bon-
ferroni’s pairwise comparisons tests was performed to compare 
the DKI parameters and CBF values of all the three ROIs 
among BD, UD and HC groups respectively in the left and 
right hemispheres and adjusted for age, with sex and group 
as fixed factors. Then, the Receiver operating characteristic 
(ROC) curve was drawn for the significant parameters from 
MANOVA to evaluate the predictive value of these parameters 
on BD and UD diagnosis and to determine the best cut-off 
point to discriminate patients with BD or UD from HC. Pear-
son’s correlation coefficients were used to correlate the clinical 
variables for the patients to their measured DKI and 3D ASL 
parameters. Inter-rater reliability was assessed using the In-
tra-class correlation coefficient (ICC) analysis. A p-value of 
less than 0.05 was considered statistically significant.

RESULTS

Demographic result
Table 1 shows the demographics and clinical data of all 

study participants. There was no significant difference be-
tween the groups of BD, UD and HC in age, gender and edu-
cation levels of the subjects recruited for this study. The two 
depressed groups were matched for depression severity, ill-
ness duration, and illness onset age.

Inter-rater reliability analysis
ICC analysis showed a significantly high α value which was 

all greater than 0.70 in the three ROIs (i.e., caudate nucleus 
head, putamen, and thalamus), and ICC value was close to 1 
(p<0.05). Hence, all measurements were regarded as reliable 
among different raters (Table 2). Therefore, averaged values 
were used for subsequent statistical analyses. 

Group differences of the parameters generated from 
DKI 

Table 3 shows the DKI parameters in BD, UD patients and 
HC participants (Figure 1 and Supplementary Figure 3 in the 
online-only Data Supplement). In the thalamus, MANOVA-
revealed significant differences in Dr in the left (p=0.048), 
however, pairwise comparisons showed no significant differ-
ences between them. In the putamen, MANOVA revealed 
significant differences in MK (right: p=0.038) and Ka (left: 
p=0.009, right: p=0.031) among the three groups. Pairwise 
comparisons only revealed the UD group showed significantly 
increased Ka compared with HC (p=0.039) and BD (p= 
0.026) group in left putamen. In the caudate nucleus head, 
MANOVA revealed significant differences in Ka (p=0.034) 
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and Kr (p=0.002) in the left and MD (p=0.026) in the right 
caudate nucleus head among the three groups. Pairwise com-
parisons showed significantly increased Ka (p=0.033) in UD 
compared with HC, and significantly increased Kr both in BD 
(p=0.014) and UD (p=0.005) compared with HC in the left. 
In addition, MD values were significantly lower in UD (p= 
0.021) compared with BD in the right caudate nucleus. No sig-
nificant changes in the remaining DKI parameters were ob-
served in the three ROIs among the three groups.

Group differences of CBF
Table 4 shows the results of CBF in the three groups (Figure 

2 and Supplementary Figure 4 in the online-only Data Supple-
ment). MANOVA revealed significant differences in the left 
caudate nucleus head and putamen between the three groups. 
Pairwise comparisons showed significantly decreased CBF in 
UD compared with HC in the left caudate nucleus head (p= 

0.033) and putamen (p=0.045). No significant changes in the 
rest of the CBF were observed in these ROIs among the three 
groups.

ROC analysis
As shown in Table 5 and Supplementary Figure 5 (in the 

online-only Data Supplement), the predictive value for UD 
from HC in the left caudate nucleus head was Ka (AUC= 
0.657, sensitivity=73.1%, specificity=51.2%), Kr (AUC=0.726, 
sensitivity=84.6%, specificity=60.5%) and CBF (AUC=0.657, 
sensitivity=70.0%, specificity=57.1%); in the left putamen 
was Ka (AUC=0.685, sensitivity=70.8%, specificity=56.1%) 
and CBF (AUC=0.676, sensitivity=73.3%, specificity=57.1%). 
The predictive value for BD from HC in the left caudate nu-
cleus head was Kr (AUC=0.664, sensitivity=74.4%, specifici-
ty=60.5%).

Table 2. Inter-rater reliability of DKI and 3D ASL parameters in the basal ganglia and thalamus

ROIs and
parameters

MK Ka Kr FA MD Da Dr CBF
L R L R L R L R L R L R L R L R

Caudate
α 0.891 0.917 0.959 0.902 0.865 0.884 0.997 0.992 0.916 0.951 0.880 0.961 0.888 0.923 0.969 0.975
ICC 0.804 0.846 0.922 0.821 0.762 0.792 0.993 0.985 0.844 0.906 0.786 0.925 0.798 0.856 0.941 0.951
p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Putamen
α 0.881 0.942 0.958 0.955 0.863 0.933 0.903 0.865 0.939 0.951 0.878 0.841 0.952 0.945 0.987 0.986
ICC 0.788 0.891 0.919 0.914 0.759 0.875 0.823 0.762 0.884 0.907 0.783 0.725 0.908 0.896 0.974 0.972
p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Thalamus
α 0.928 0.915 0.879 0.950 0.956 0.933 0.967 0.966 0.925 0.906 0.966 0.964 0.970 0.962 0.871 0.875
ICC 0.866 0.843 0.783 0.904 0.915 0.875 0.936 0.934 0.860 0.829 0.933 0.931 0.942 0.926 0.772 0.778
p 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

MK: mean kurtosis, Ka: axial kurtosis, Kr: radial kurtosis, FA: fractionalanisotropy, MD: mean diffusivity, Da: axial diffusivity, Dr: radial dif-
fusivity, L: left, R: right, α: Cronbach’s alpha, ICC:  intra-classcorrelation coefficient, ROIs: regions of interest, DKI: diffusional kurtosis imag-
ing, 3D ASL: three dimensional arterial spin labeling

Table 1. The demographic characteristics of the subjects

Parameters BD (N=35) UD (N=30) HC (N=40) Statistic
Gender (male/female) 18/17 13/17 21/19 χ2=0.652 p=0.722
Age (years) 30.31 (10.07) 33.9 (9.28) 32.50 (12.21) F=0.917 p=0.403
Education (years) 13.31 (3.20) 12.94 (3.53) 14.43 (3.34) F=1.857 p=0.161
Duration of illness (months) 41.77 (39.56) 34.71 (52.28) N/A t=0.643 p=0.522
Age of illness onset (years) 25.78 (9.11) 29.66 (12.72) N/A t=1.444 p=0.154
HDRS-24 score (points) 25.73 (5.36) 24.08 (6.14) N/A t=-1.164 p=0.249
YMRS score (points) 2.68 (1.15) 2.15 (1.22) N/A t=-1.791 p=0.078
Number of past manic/depressive episodes 2.02 (2.01) 3.26 (6.07) N/A N N
Values are reported as mean (standard deviation), except for gender. BD: bipolar disorder, UD: unipolar depression, HC: healthy controls, 
HDRS: Hamilton Depression Rating Scale, YMRS: YoungMania Rating Scale
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Table 3. Comparison of the DKI parameters of subcortical gray matters in patients with BD, UD and HC subjects

ROIs and
parameters

Side
Group

F-value
MANOVA

p value
Pairwise comparison p value

BD (N=35) UD (N=30) HC (N=40) BD vs. UD UD vs. HC BD vs. HC
Caudate nucleus head

MK Left 0.52 (0.05) 0.51 (0.04) 0.53 (0.05) 1.036 0.358 0.995 0.424 0.596
Right 0.54 (0.06) 0.54 (0.06) 0.54 (0.06) 0.068 0.934 0.994 0.976 0.998

Ka Left 0.61 (0.05) 0.63 (0.06) 0.60 (0.05) 3.479 0.034† 0.695 0.033* 0.342
Right 0.61 (0.04) 0.59 (0.05) 0.60 (0.05) 1.327 0.270 0.510 1.000 0.514

Kr Left 0.52 (0.07) 0.50 (0.05) 0.56 (0.07) 6.632 0.002† 1.000 0.005* 0.014*
Right 0.55 (0.10) 0.57 (0.10) 0.60 (0.09) 2.093 0.128 0.948 0.513 0.139

FA Left 0.19 (0.03) 0.20 (0.03) 0.19 (0.02) 0.371 0.691 0.864 0.999 0.851
Right 0.19 (0.04) 0.20 (0.03) 0.20 (0.03) 0.379 0.685 0.801 0.996 0.885

MD Left 0.90 (0.05) 0.89 (0.06) 0.89 (0.02) 0.753 0.473 0.675 0.975 0.731
Right 0.93 (0.05) 0.90 (0.04) 0.91 (0.05) 3.779 0.026† 0.021* 0.768 0.164

Da Left 1.07 (0.06) 1.06 (0.05) 1.07 (0.05) 0.389 0.678 0.920 0.732 0.982
Right 1.11 (0.08) 1.05 (0.02) 1.11 (0.06) 2.791 0.066 0.355 0.386 0.996

Dr Left 0.81 (0.05) 0.80 (0.06) 0.80 (0.04) 0.365 0.695 0.893 0.999 0.832
Right 0.83 (0.06) 0.80 (0.04) 0.82 (0.04) 2.705 0.071 0.065 0.480 0.470

Putamen
MK Left 0.60 (0.05) 0.60 (0.03) 0.60 (0.04) 0.012 0.988 0.998 1.000 1.000

Right 0.61 (0.05) 0.65 (0.06) 0.61 (0.04) 3.379 0.038† 0.052 0.076 1.000
Ka Left 0.70 (0.03) 0.73 (0.04) 0.71 (0.03) 4.966 0.009† 0.026* 0.039* 0.996

Right 0.70 (0.03) 0.72 (0.05) 0.70 (0.03) 3.595 0.031† 0.105 0.111 1.000
Kr Left 0.56 (0.08) 0.56 (0.07) 0.56 (0.07) 0.053 0.949 0.982 0.997 0.998

Right 0.59 (0.09) 0.62 (0.09) 0.59 (0.08) 1.401 0.251 0.507 0.369 0.993
FA Left 0.22 (0.03) 0.22 (0.03) 0.22 (0.03) 0.973 0.381 0.774 0.996 0.419

Right 0.22 (0.03) 0.22 (0.03) 0.22 (0.03) 0.741 0.479 0.518 0.902 0.889
MD Left 0.84 (0.03) 0.84 (0.03) 0.84 (0.03) 0.255 0.776 0.996 0.891 0.934

Right 0.86 (0.03) 0.88 (0.04) 0.86 (0.02) 2.924 0.058 0.174 0.145 1.000
Da Left 1.03 (0.05) 1.04 (0.04) 1.04 (0.05) 0.602 0.550 0.773 1.000 0.700

Right 1.05 (0.05) 1.08 (0.06) 1.06 (0.05) 2.476 0.089 0.134 0.415 0.774
Dr Left 0.74 (0.03) 0.74 (0.03) 0.74 (0.02) 0.435 0.648 0.997 0.764 0.844

Right 0.76 (0.04) 0.77 (0.03) 0.76 (0.03) 1.791 0.172 0.307 0.229 1.000
Thalamus

MK Left 0.71 (0.04) 0.73 (0.03) 0.72 (0.04) 2.754 0.068 0.072 0.680 0.357
Right 0.71 (0.04) 0.73 (0.04) 0.72 (0.04) 0.238 0.792 0.876 0.951 0.986

Ka Left 0.67 (0.04) 0.68 (0.03) 0.67 (0.04) 0.718 0.490 0.769 0.530 0.978
Right 0.67 (0.04) 0.67 (0.04) 0.66 (0.03) 0.741 0.479 1.000 0.783 0.554

Kr Left 0.77 (0.08) 0.80 (0.06) 0.78 (0.06) 0.824 0.442 0.501 0.899 0.826
Right 0.79 (0.08) 0.81 (0.06) 0.80 (0.06) 0.095 0.909 0.982 1.000 0.974

FA Left 0.31 (0.03) 0.29 (0.03) 0.31 (0.03) 2.531 0.084 0.072 0.243 0.873
Right 0.31 (0.03) 0.29 (0.03) 0.30 (0.03) 1.801 0.169 0.201 0.923 0.439

MD Left 0.90 (0.02) 0.91 (0.03) 0.90 (0.03) 2.529 0.085 0.521 0.123 0.584
Right 0.90 (0.03) 0.91 (0.03) 0.90 (0.03) 0.875 0.420 0.620 0.453 0.986

Da Left 1.19 (0.06) 1.19 (0.04) 1.18 (0.03) 0.204 0.816 0.993 0.976 0.897
Right 1.20 (0.07) 1.19 (0.04) 1.18 (0.04) 0.712 0.493 0.974 0.793 0.585
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Correlations between DKI/CBF parameters and 
HDRS-24 score/illness duration

There were no significant correlations between the DKI and 
3D ASL parameters in the three ROIs and the clinical vari-
ables (HDRS scores, illness duration) in the patients with ei-

ther BD or UD.

DISCUSSION

The current study, to our knowledge, is the first study to di-

Table 3. Comparison of the DKI parameters of subcortical gray matters in patients with BD, UD and HC subjects (continued)

ROIs and
parameters

Side
Group

F-value
MANOVA

p value
Pairwise comparison p value

BD (N=35) UD (N=30) HC (N=40) BD vs. UD UD vs. HC BD vs. HC
Dr Left 0.75 (0.03) 0.77 (0.03) 0.75 (0.03) 3.132 0.048† 0.055 0.096 0.984

Right 0.75 (0.04) 0.77 (0.03) 0.76 (0.04) 1.730 0.182 0.146 0.368 0.937
Diffusional kurtosis metrics estimates reported as mean (standard deviation) in caudate nucleus head, putamen and thalamus. The units for 
MD, Da and Dr are all μm2/ms; MK, Ka, Kr and FA are dimensionless parameters. *the group difference remained significant after applying 
Bonferroni correction, †multivariate analysis of variance (MANOVA) with significant p-values with. DKI: diffusional kurtosis imaging, MK: 
mean kurtosis, Ka: axial kurtosis, Kr: radial kurtosis, FA: fractional anisotropy, MD: mean diffusivity, Da: axial diffusivity, Dr: radial diffusivity, 
BD: bipolar disorder, UD: unipolar depression, HC: healthy controls

Figure 1. Group differences of the DKI parameters in the left caudate nucleus head (A) and putamen (B) respectively. *p<0.05. The units 
for MD, Da and Dr are all μm2/ms; MK, Ka, Kr and FA are dimensionless parameters. DKI: diffusional kurtosis imaging, MK: mean kurtosis, 
Ka: axial kurtosis, Kr: radial kurtosis, FA: fractional anisotropy, MD: mean diffusivity, Da: axial diffusivity, Dr: radial diffusivity, BD: bipolar dis-
order, UD: unipolar depression, HC: healthy controls.
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Table 4. Comparison of the CBF from 3D ASL of subcortical gray matters in patient with BD, UD and healthy controls

ROIs and
parameters

Side
Group

F-value
Manova
p value

Pairwise comparison p value
BD (N=35) UD (N=30) HC (N=40) BD vs. UD UD vs. HC BD vs. HC

Caudate nucleus head 
CBF Left 54.82 (6.73) 51.93 (7.54) 56.81 (9.05) 3.460 0.035† 0.597 0.033* 0.438

Right 57.27 (8.44) 54.86 (7.12) 59.00 (9.42) 2.361 0.099 1.000 0.134 0.395
Putamen

CBF Left 51.03 (7.31) 47.15 (7.57) 51.50 (7.57) 3.462 0.035† 0.085 0.045* 1.000
Right 52.14 (7.74) 49.24 (5.90) 53.52 (8.25) 2.933 0.057 0.308 0.052 1.000

Thalamus
CBF Left 52.26 (8.95) 52.46 (8.37) 55.71 (8.90) 2.041 0.134 1.000 0.357 0.197

Right 52.36 (9.17) 52.58 (8.14) 56.57 (9.32) 2.929 0.057 1.000 0.185 0.084
CBF generated from 3D ASL are reported as mean (standard deviation) in caudate nucleus head, putamen and thalamus. The unit for CBF is 
mL/100g/min. *the group difference remained significant after applying Bonferroni correction, †multivariate analysis of variance (MANOVA) 
with significant p-values with. CBF: cerebral blood flow, BD: bipolar disorder, UD: unipolar depression, HC: healthy controls, 3D ASL: three 
dimensional arterial spin labeling
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rectly compare the difference in the microstructural organi-
zation and perfusion of basal ganglia and thalamus in BD 
and UD depressed adults and healthy subjects by using DKI 
and 3D ASL. The two disorders showed similarities and dif-
ferences in the microstructural and perfusional changes in 
the basal ganglia. This study has several principal findings. 
First, patients with UD exhibited microstructural abnormali-
ties and CBF reduction in the left putamen and caudate nucle-
us head compared with HC subjects. Second, patients with 
BD exhibited microstructural abnormalities only in the left 
caudate nucleus head compared with HC subjects. Last, pa-
tients with BD showed significantly lower Ka values in right 
putamen, higher MD values in the right caudate nucleus 
head compared with patients with UD. 

In the basal ganglia, we observed increased Ka and de-
creased Kr in the left caudate nucleus, increased Ka in the left 
putamen in UD group compared with HC subjects. We also 

observed decreased Kr in the left caudate nucleus in BD com-
pared with HC subjects and higher Ka in left putamen and 
lower MD in the right caudate nucleus in UD group than in 
BD group. In DKI, MK is a dimensionless parameter that re-
flects the average degree of diffusion restriction, while Ka and 
Kr measure the kurtoses along the directions parallel and 
perpendicular to the principal diffusion direction, respective-
ly.43 Therefore, increased Ka and decreased Kr in caudate nu-
cleus result in no significant changes of MK in this region. In 
gray matter, increased Ka may be due to broken axons, in-
crease of basal dendrites, synaptic refinement, and cell density, 
which would cause more water diffusion restriction in the axi-
al direction, leading to higher Ka32,44,45 in the left putamen and 
caudate nucleus in UD. The water diffusion is more restricted 
in UD in the left putamen due to the higher Ka in UD than in 
BD. These processes together with demyelination may result 
in more free water diffusion in the radial direction and hence 
lower Kr29,43 was observed in the left caudate nucleus both in 
BD and UD. The significant increase of Ka and decrease of 
Kr in the putamen and caudate nucleus is accompanied by 
no changes in Da and Dr which further suggests that kurto-
sis is more sensitive to the changes of microstructure integri-
ty in gray matter, as also suggested by Jensen.26 Meanwhile, 
the MD value which may serve as a surrogate marker for cell 
and fiber density46 is lower in UD than in BD in the right cau-
date, it may result from subtle changes of cell density which 
didn’t demonstrate in abnormality of parallel (Ka and Da) 
and perpendicular (Kr and Dr) kurtosis and diffusion pa-
rameters. According to the above possible neuropathological 
changes, we speculate that these results may associate with 
volume reduction or atrophy. Results from literatures support-
ed our speculation. Recent studies found both the BD and 
UD16 participants had smaller volumes for the caudate than 

Figure 2. Group differences of CBF in the left caudate nucleus 
head, putamen and thalamus respectively. *p<0.05. CBF: cere-
bral blood flow, BD: bipolar disorder, UD: unipolar depression, 
HC: healthy controls.
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Table 5. ROC analyses of the significant parameters from MANOVA in UD and BD

AUC p value Cut-off value Sensitivity (%) Specificity (%)
UD vs. HC

Left caudate nucleus head
Ka 0.657 0.030 0.602 73.1 51.2
Kr 0.726 0.002 0.554 84.6 60.5
CBF 0.657 0.020 54.40 70.0 57.1

Left putamen
Ka 0.685 0.013 0.718 70.8 56.1
CBF 0.676 0.009 49.46 73.3 57.1

BD vs. HC
Left caudate nucleus head

Kr 0.664 0.009 0.554 74.4 60.5
ROC: receiver operating characteristic curves, MANOVA: multivariate analysis of variance, BD: bipolar disorder, UD: unipolar depression, 
HC: healthy controls, AUC: area under the curve, Ka: axial kurtosis, Kr: radial kurtosis, CBF: cerebral blood flow
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did the healthy participants and the reduced caudate volume 
was associated withthe depression severityin patients with 
UD.17 Another structural MR studies47 also found individuals 
with BD showed strong gray matter volume reductions in 
the caudate and putamen.48 Further, a resting-state functional 
MRI study49 found depressed patients had lower functional 
connectivity of the nucleus accumbens with the caudate and 
putamen. Similarly, Bluhm et al.50 also found deficits in de-
fault-mode network connectivity with the bilateral caudate 
in UD. Moreover, it’s worth noting that among the five factors 
identified as significant parameters for UD from HC (Table 
5), ROC analysis revealed the Kr in the left caudate nucleus 
head yield the highest predictive power for future diagnostic 
applications, and the Ka in the left putamen just followed by 
it. Taken together, the present microstructure changes in basal 
ganglia provide novel evidence for structural damage in UD 
and BD. The microstructure impairment in putamen and cau-
date nucleus may be an overlapping feature in the two disorders.

We also observed decreased CBF in patient with UD com-
pared with HC in left putamen and caudate nucleus. An ex-
tensive literature review of positron emission tomography 
(PET) studies of depressed patients in the resting state revealed 
that patients with UD have reduced CBF and glucose metab-
olism in the caudate nucleus.51 A single photon emission com-
puted tomography (SPECT) study by Fountoulakis et al.52 
found global brain hypoperfusion including the basal ganglia 
in UD patients. Another SPECT study34 found severely de-
pressed UD patients showed more cerebral perfusion deficits 
than less depressed patients in the basal ganglia,53 further sup-
port our findings. Unfortunately, we did not find any signifi-
cant correlations between CBF and the clinical variables (HDRS 
scores, illness duration) in basal ganglia in patients with ei-
ther BD or UD. However, these findings are somewhat con-
trary to a previous functional MRI study which showed hy-
perperfusion in the putamen in UD.35 Different reasons such 
as differences in sample size, subjects’ ages, age of depression 
onset, medication status, response to treatment, comorbidities 
as well as differences in data acquisition and data preprocess-
ing would lead to an inconsistent result could explain these 
conflicting findings. Besides, when compared with PET which 
currently regarded as the most accurate and precise method 
to measure CBF, ASL provides similar quantitative CBF as 
PET.54,55 Furthermore, unlike PET techniques, ASL technique 
has the advantage of not using radioactive sources or injected 
contrast agents, showed a higher longitudinal repeatability 
for regional perfusion measurements,56 allowing for frequent 
scanning, especially useful in long term follow-up studies. 
Therefore, these findings confirmed that CBF abnormality 
existed in the basal ganglia in UD, suggest CBF changes in this 
region may be pathophysiologically important in depression. 

Further studies which include large samples and homoge-
neous subjects are needed to confirm the CBF variations in the 
two disorders.

Prior neuroimaging studies have noted the importance of 
thalamus in BD and UD.57,58 Contrary to expectations, this 
study didn’t show any significant difference in DKI parame-
ters (microstructural integrity) and CBF in BD and UD group. 
In agreement with our findings, MacMaster et al.48 and Monkul 
et al.59 found no volumetric group differences between BD, 
UD and HC for the thalamus, which support our findings. 
However, several structural neuroimaging studies found vol-
ume reductions in the thalamus in BD60 and UD.57,58 A meta-
analysis also revealed volume reductions in the thalamus in 
late-life depression.61 Further, a resting-state functional MRI 
study by Alexopoulos et al.49 found depressed patients had 
lower functional connectivity of the nucleus accumbens with 
the thalamus. A monetary incentive delay task functional MRI 
study by Dichter et al.62 revealed the remitted UD group was 
characterized by relatively decreased activation in the left thal-
amus during the outcome phase of the task. Meanwhile, Lui et 
al.63 found the treatment-resistant depression patients showed 
disrupted functional connectivity mainly in thalamus areas bi-
laterally. Furthermore, in agreement with our results, a PET 
study64 revealed no significant changes in CBF in UD com-
pared with HC in bilateral thalamus, nevertheless, the severity 
of depression was directly correlated with the blood flow in 
right thalamus. Besides, a SPECT study reported non-respond-
ers for repetitive transcranial magnetic stimulation of the phar-
macoresistant depression patients showed CBF reduction in 
right thalamus.65 Taken together, the functional neuroimag-
ing suggest that the thalamus plays a critical role in depres-
sion. However, it’s still remains controversial when it comes to 
the structural (especially the volume variance) and perfusional 
changes in the thalamus. Our findings provide new evidenc-
es for the microstructural integrity and CBF changes of thal-
amus in BD and UD.

Several limitations to this pilot study need to be acknowl-
edged. 1) The number of participants in the present study 
was not large, although larger than in many previous studies. 
It is possible that subtle differences between groups would 
have been detected in a larger sample size. 2) Parts of the pa-
tients included were under medication prior to MRI scan-
ning. Furthermore, the medication varied, and the number 
of subjects was too limited to group them according to a spe-
cific type of drug. 3) The ROIs on the area of the caudate nu-
cleus head, putamen and thalamus were drawn manually, and 
the reproducibility of measurements was unclear. However, 
all ROIs were drawn by two of the authors, rater bias was pre-
vented by blinding, and the inter-class correlation coefficients 
were 0.704–0.983. 4) We did not use multiple comparison 
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corrections when exploring the relationship between the clini-
cal variables and DKI/3D ASL parameters. 5) Because DKI 
demands high b-value diffusion weighted images, it is sensi-
tive to noise. Consequently, the resolution of the acquired im-
ages is suboptimal to sustain sufficiently high signal-to-noise 
ratios and to minimize acquisition time. This may have led to 
partial volume effects, which could have reduced the sensi-
tivity of the analysis. 6) In 3D ASL, there only used one post-
labelling delay time (1525 ms) in pCASL, which may have a 
potential impact on the evaluation of cerebral blood flow in 
some cases.66 7) The current study is a cross-sectional study, 
although the present patients with UD had no family history 
of BD, in the absence of longitudinal data we do not know 
whether some patients will later switch to BD. Thus, we will 
do the further longitudinal follow up investigation in the fu-
ture study.

In conclusion, our findings are the first to reveal the mi-
crostructural integrity of basal ganglia and thalamus in the 
pathogenesis of BD and UD disorders in vivo. Our results 
suggest that these two disorders may have overlaps in micro-
structural abnormality in basal ganglia during the depressive 
period. The Kr value in the left caudate nucleus head may 
serve as a potential biomarker for UD. Decreased CBF in basal 
ganglia may be a key neurobiological feature of UD. 
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