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Objectives: The present study investigated the usefulness of evaluating the

existence of volume reduction in brain regions using voxel‐based morphometry

(VBM) to dissociate major depressive disorder (MDD) from bipolar disorder (BD).

Methods/Design: This study enrolled 92 individuals with MDD, 32 individuals with

BD, and 43 healthy controls (HCs). We focused on gray matter volume (GMV) of the

subgenual anterior cingulate cortex (sgACC), subcallosal area (SCA), and hippocampus.

The degree of volume reduction in these brain regions was calculated as the z score,

and the differences of z scores in these regions were investigated among the MDD,

BD, and HC groups. We then performed a receiver operating characteristic curve

analysis to dissociate the individuals with MDD and BD from the HCs based on the

z scores in the GMV of these brain regions.

Results: While there were no significant differences in the z scores of the

hippocampus among the three groups, the z score of the sgACC was significantly

higher in the MDD group than in the BD and HC groups, and the SCA z score was

significantly higher in the MDD and BD groups than in the HC group.

Conclusions: Our findings suggest that VBM evaluation of GMV reduction in the

sgACC may be useful as an objective adjunctive tool to distinguish between MDD

and BD.
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1 | INTRODUCTION

Currently, in clinical psychiatry practice, the diagnostic processes

mostly rely on clinical interview or questionnaires including patients'

reports of symptoms, observed behaviors, and disease course. How-

ever, depressive symptoms are commonly observed in many psychiat-

ric conditions. For instance, differentiation between bipolar disorder

(BD) presenting depressive symptoms and unipolar major depressive

disorder (MDD) is a huge issue because most patients with BD with

depressive symptoms are initially diagnosed with MDD.1,2 Thus, in

an initial interview, there may be a risk to prescribe an antidepressant

to BD patients instead of mood stabilizer, suggesting that misdiagnosis
wileyonlinelibrary.co
leads to an inappropriate treatment. We therefore believe that robust

biomarkers that can facilitate early and accurate differentiation of BD

with depressive symptoms from MDD are necessary for the purpose

of introducing an appropriate treatment.

Recent magnetic resonance imaging (MRI) studies have demon-

strated an association between MDD and volume reduction in the

subgenual anterior cingulate cortex (sgACC, rostral part of Brodmann

area 24). A meta‐analysis of studies based on MRI and voxel‐based

morphometry (VBM) revealed that the sgACC was the brain region

that consistently showed localized volume reduction in patients with

MDD.3,4 In contrast, previous studies have reported that individuals

with BD have a volume reduction in various brain regions including
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Key points

• There were no significant differences in the

hippocampal z scores among the major depressive

disorder (MDD), bipolar disorder (BD), and healthy

control (HC) groups.

• The subgenual anterior cingulate cortex (sgACC) z score

was significantly higher in the MDD than in the BD and

HC groups.

• The subcallosal area z score was higher in the MDD and

BD groups than in the HC group.

• Volume reduction in the sgACC may be useful to

dissociate MDD from BD.
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the bilateral dorsolateral prefrontal cortex, left hippocampus, cerebel-

lum, left rostral anterior cingulate cortex, fronto‐insular cortex, and the

medial orbitofrontal region.5-10 A few studies have reported volume

reduction in the subcallosal area (SCA, Brodmann area 25), which is

adjacent to the rostral part of the sgACC and has been known as a

target area for deep brain stimulation (DBS) in cases of treatment‐

resistant MDD and BD,11,12 suggesting the involvement of the SCA

in the pathogenesis of both MDD and BD.13-15

The sgACC and SCA are reportedly difficult to separate. However,

we successfully discriminated between the sgACC and SCA using MRI

and VBM.16 First, a comprehensive cross‐sectional study revealed that

volume reduction in patients with MDD under treatment was more

consistently observed in the sgACC than in any other brain region

such as the amygdala, hippocampus, and the prefrontal cortex.17

Additionally, analysis of the relationship between volume reduction

in the sgACC and the longitudinal course of patients with MDD under

treatment showed that in patients with MDD aged over 54 years,

volume reduction in the sgACC was not associated with age, sex,

disease severity, disease duration, treatment period, or the

drugs/drug doses used. Furthermore, volume reduction in this brain

region persisted after remission of MDD.17,18 These results suggest

MRI evaluation for the existence of volume reduction in the sgACC

may be useful as an objective adjunctive tool for the diagnosis of

MDD. By contrast, cases whose volume reduction was limited to the

SCA were more likely to have BD and prescription control was diffi-

cult.16 We therefore hypothesized that most patients with volume

reduction in the sgACC may belong to MDD, and those with volume

reduction in the SCA are more likely to have BD.

This study focused on the sgACC, SCA, and hippocampus19 as

target volumes of interest (VOIs) set. VBM analysis using Statistical

Parametric Mapping 8 (SPM8) and diffeomorphic anatomic registra-

tion through an exponentiated lie algebra (DARTEL)20 developed by

Matsuda21 was performed to identify whether these brain regions

could be useful to differentiate a clinical diagnosis between MDD

and BD.
2 | METHODS

2.1 | Participants

The participants were consisted of 92 patients with MDD, 32 patients

with BD, and 43 healthy control (HC) individuals. Participants with

MDD and BD were recruited from Nanbu Hospital (Okinawa, Japan).

HC individuals were recruited from the community through website

advertisements at Nanbu Hospital. A portion of the sample was origi-

nally collected for our previous study.16 We newly enrolled 10 sub-

jects with MDD and seven subjects with BD for this study.

Individuals with MDD and BD were diagnosed by psychiatrists based

on the Structured Clinical Interview for Diagnostic and Statistical

Manual of Mental Disorders IV Edition Text Revision.22 Exclusion

criteria for participants were a history of neurological disorders or

head injury, current dementia, alcohol or other substance dependence,

and inappropriateness for MRI examination (such as patients with

pacemaker). Additionally, patients who developed dementia after the
onset of MDD or BD were also excluded. The severity of depression

in these patients was assessed using the 17‐item Hamilton's Rating

Scale for Depression (HAMD).23 Both individuals with MDD and BD

were in a depressive state at the time of MRI scans. All the patients

with MDD were treated with antidepressants. Of the 32 patients with

BD, 28 were being treated with mood stabilizers and the remaining

four with antipsychotics. After a complete description of the study

was provided, written informed consent was obtained from each

participant. This study was conducted with the approval of the ethics

committee of Nanbu Hospital.
2.2 | Data acquisition

MRI in all the participants enrolled in this study was conducted using a

1.5 Tesla Achieva Nova MRI system (Koninklijke Philips Electronics

NV, Amsterdam, the Netherlands) equipped with an eight‐channel

sensitivity‐encoding head coil. Structural data were acquired using a

T1‐weighted fast field echo sequence (repetition time 9.3 ms, echo

time 4.3 ms, flip angle 10°). Images were acquired with a matrix size

of 256 × 256 and a field of view of 240 mm. The reconstructed voxel

size was 0.94 × 0.94 × 0.94 mm. A total of 160 sagittal sections of

2‐mm slice thickness with superimposed 1‐mm slices was acquired.

Two measurements were obtained and averaged. The acquisition time

was 3 minutes 35 seconds.

In order to examine the group differences of gray matter volume

(GMV), we first obtained the z score for each participant using the

Voxel‐Based Specific Regional Analysis System for Alzheimer's

Disease (VSRAD) software.21 This software automatically performed

the following steps. All the T1‐weighted images were corrected for

bias‐field in homogeneities, then segmented into gray matter, white

matter, and cerebrospinal fluid and spatially normalized using the

DARTEL algorithm in SPM8 (Statistical Parametric Mapping, Institute

of Neurology, London, UK).20 In this study, the customized template

for DARTEL previously created from the 25 healthy young subjects21

was used for anatomic standardization. Segmented and normalized

data were smoothed with a Gaussian kernel of 8 mm full width half

max (FWHM). Finally, in GMV, a whole‐brain voxel‐wise comparison



188 NIIDA ET AL.
was conducted between each participant, and the database of healthy

elderly people consisted of 40 males and 40 females aged between 54

and 86 years, and then we obtained the z score of each voxel for each

participant, z score = ([control mean value] − [individual's value])/(con-

trol standard deviation). In this study, we defined that higher positive z

score represents greater GMV reduction in each subject compared

with HC database. A previous study has already reported that z score

of a given VOI calculated by VSRAD shows a high correlation with the

volume of the same area measured with FreeSurfer.24 In particular,

smaller GMV of the hippocampus and entorhinal cortex is associated

with higher z scores.

Given that MRI data of this study and healthy database of the

VSRAD were scanned with a different MRI, direct comparisons

between groups were not feasible. To address this issue, we addition-

ally enrolled HC group scanned at the same condition and compared

the z scores among these three groups including the MDD, BD, and

HC. Second, in order to define the target VOI of the sgACC, we

performed group comparisons of z scores between 30 samples (two

men and 28 women; mean age, 66.0 ± 6.8 years) randomly selected

from the MDD group and 30 samples (six men and 24 women; mean

age, 64.5 ± 4.4 years) randomly chosen from the HC group. We

selected brain regions showing significantly greater z scores in MDD

compared with HC and defined that cluster as sgACC VOI (Figure 1).

We performed the same procedure for the SCA VOI using 31 samples

of BD (seven men and 24 women; mean age, 67.9 ± 8.8 years) and 30

samples of the HC group. VOI of the hippocampus was already cre-

ated in our previous study21. There were significant GMV reductions

in the sgACC (Talairach coordinates: 0, 25, −3, x, y, z; Z = infinite) in

the patients with MDD compared with HC and of the SCA (Talairach

coordinates: 0, 9, −10, x, y, z; Z = 5.89) in patients with BD compared

with HC, respectively. Finally, we extracted z scores within the defined

VOI and calculated mean value in each subject and used that value for

further analyses.

2.3 | Statistical analysis

Data are expressed as means (standard deviation [SD]). Student's t

test, Welch's t test, the chi‐squared (χ2) test, and one‐way analysis

of variance (ANOVA) were performed to compare participant charac-

teristics. We performed analysis of covariance (ANCOVA) to compare
FIGURE 1 Target volumes of interest (VOIs) in the subgenual anterior cin
VOIs in the following: A, sgACC; B, SCA; and C, hippocampus are enclose
resonance imaging (MRI) template. [Colour figure can be viewed at wileyo
the difference of mean z score extracted from the hippocampus,

sgACC, and SCA VOI among the three groups using age as a covariate.

When there was a significant main effect of diagnosis, post hoc

analysis using Bonferroni correction was conducted. The level of

significance was set at P < 0.05.

Receiver operating characteristic (ROC) analysis was used to assess

whether the z scores of the sgACC and SCA could dissociate the MDD

group from the BD group. On the basis of the results of the ROC

analysis, the thresholds were set for the z scores of the sgACC and

SCA. Z scores higher than the thresholds were defined as reflecting

volume reduction. The presence of volume reduction in the sgACC and

SCA of group MDD, group BD, and group HC was evaluated. All statis-

tical analyses were performed with SPSS 25. 0J (IBM Inc., Armonk, NY).
3 | RESULTS

3.1 | Patient characteristics

There were no significant differences in age (MDD: 65.9 ± 7.6 years;

BD: 64.3 ± 7.4 years; HC: 65.8 ± 6.0 years; P = 0.547) but not in the

male/female ratio among three groups (P = 0.008). Significant differ-

ences in the onset time and disease duration were observed between

the MDD and BD groups; such that the BP group had younger onset

time and longer disease duration than the MDD group (P < 0.001,

respectively). Moreover, the BD group had a significantly higher

HAMD scores than the MDD group (P = 0.03) (Table 1).
3.2 | Comparison of VOI's z score between groups

For the estimated neighboring average of the z score of the hippocam-

pus using age as a covariate, no significant difference was observed

among the MDD, BD, and HC groups, F (2, 163) = 2.570, P = 0.080,

η2 = 0.042.

For the estimated neighboring average of the z score of sgACC, a

significant main effect of diagnosis was observed among the groups,

F (2, 163) = 185.788, P < 0.001, η2 = 0.695. In a post hoc analysis using

Bonferroni correction, the MDD group showed a significantly higher z

score than the BD group and the HC group (P < 0.001). No significant

difference was observed between the BD and HC groups (P = 0.119).
gulate cortex (sgACC), subcallosal area (SCA), and hippocampus. Target
d by purple lines in tomographic images on the standardized magnetic
nlinelibrary.com]
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TABLE 1 Clinical characteristics of the total samples (N = 167)

Characteristics MDD BD HCs χ2 F t df P Value

Sample, No. 92 32 43

Sex, No. Male 8 9 11 9.647 2 0.008
Female 84 23 32

Age, y 65.9 (7.6) 64.3 (7.4) 65.8 (6.0) 0.605 2 0.547

HAMD, point 18.3 (4.1) 20.4 (4.7) −2.238 48.299 0.030

Onset time, y 58.8 (7.5) 46.5 (10.0) 6.361 43.842 <0.001

Disease duration, y 7.1 (4.2) 17.8 (7.9) −9.702 122 <0.001

Abbreviations: BD, bipolar disorder; HAMD, Hamilton's Rating Scale for Depression; HCs, healthy controls; MDD, major depressive disorder.
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For the estimated neighboring average of the z score of the SCA,

a significant main effect of diagnosis was observed among the

groups, F (2, 163) = 12.985, P < 0.001, η2 = 0.137. In a post hoc

analysis of z score, the MDD group showed a significantly higher

value than the HC group (P < 0.001), and the BD group showed a

significantly higher value than the HC group (P = 0.034). A significant

difference was not observed between the MDD and BD groups

(Figure 2).
3.3 | Diagnostic proportion with the z score of the
sgACC and SCA

On the basis of the ROC analysis for discriminating between the MDD

group and the BD and HC groups, the z score threshold in the sgACC

was determined to be 1.390 with an area under the curve (AUC) of

0.991 (sensitivity = 95.7% and specificity = 96.0%). On the basis of

the ROC analysis for discriminating between the MDD and BD groups

and the HC group, the z score threshold in the SCA was determined to

be 0.810 with an AUC of 0.751 (sensitivity = 61.3% and specific-

ity = 81.4%) (Figure 3).
FIGURE 2 Neighboring average estimation of the z score of the hippocam
(SCA) in major depressive disorder (MDD), bipolar disorder (BD), and health
of the hippocampus using “age” as a covariate, there was no significant ma
estimated neighboring average of the z score of sgACC using “age” as a co
groups. In a post hoc analysis using Bonferroni correction, the MDD group
significant difference was observed between the BD group and the HC gr
using “age” as a covariate, a significant main effect of diagnosis was observe
the MDD and BD groups showed a significantly higher value than the HC g
the BD groups. Error bar represents 95% CI. Significant codes; * P < 0.05,
4 | DISCUSSION

This study demonstrated that while most patients with volume

reduction in the sgACC had MDD, those with volume reduction in

the SCA but not in the sgACC were more likely to have BD. This study

presented a low‐invasive method for assessing volume reduction in

specific regions with structural connectivity associated with the

disease and demonstrated the method's efficacy. At present, it is

assumed that biological disease specificity differs between MDD and

BD, and the results of this study provide important data to show a

brain structural difference between the two diseases.

The mechanism is not yet clear, but also in the precedent study,

an association between volume reduction in the sgACC and depres-

sion had it pointed out from the young generation even to the elderly.

There is a report that an inverse correlation is found between the

volume of sgACC in depressed state and HAMD score in the young

generation from 12 to 25 years old.25 The sgACC has a higher density

of serotonin transporters than other areas of the cortex. According to

one report, reduction in the volume of this area reflects a reduced

density of the nerve cells themselves as well as glial cells.26 Another

study has described the relationship between depression and
pus, subgenual anterior cingulate cortex (sgACC), and subcallosal area
y control (HC). A, For the estimated neighboring average of the z score
in effect of diagnosis among the MDD, BD, and HC groups. B, For the
variate, a significant main effect of diagnosis was observed among the
showed a higher value than the BD group and the HC group. No

oup. C, For the estimated neighboring average of the z score of SCA
d among the groups. In a post hoc analysis using Bonferroni correction,
roup. A significant difference was not observed between the MDD and
*** P < 0.001



FIGURE 3 Diagnostic proportion with the z score of the subgenual anterior cingulate cortex (sgACC) and the subcallosal area (SCA). On the basis
of the receiver operating characteristic (ROC) analysis for discriminating between the major depressive disorder (MDD) group and the bipolar
disorder (BD) and healthy control (HC) groups. A, the z score threshold in the sgACC was determined to be 1.390, with an area under the curve
(AUC) of 0.991. On the basis of the ROC analysis for discriminating between the MDD and BD groups and the HC group. B, the z score threshold
in the SCA was determined to be 0.810, with an AUC of 0.751
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inflammation, demonstrating microglial activity in sgACC, and sug-

gested that neuroinflammation probably represents an important

mechanism underlying the development of depression at an advanced

age.27 Patients with depression show elevation of the serum levels of

proinflammatory cytokines.28 We may infer that the microglia acti-

vated by stress induces the release of inflammatory cytokines within

the brain and that these cytokines induce sustained activation of the

sgACC, thereby injuring the glial cells of the sgACC.

So far, it has been difficult to correctly compartmentalize the

sgACC and SCA, and previous studies have analyzed brain regions

without distinguishing between these two regions. For example, in a

report by Drevets et al,14 images showing local brain volume reduction

in MDD and BD included both the sgACC and SCA.

It has also been reported that pharmacotherapy with selective

serotonin reuptake inhibitors or treatment with repetitive transcranial

magnetic stimulation (rTMS) or DBS reduces sgACC activity on

functional MRI (fMRI), 29-32 and some fMRI images in these reports

also included both the sgACC and SCA. A novelty of this study was

that the sgACC and SCA were compartmentalized and differentiated

on brain images using VBM to assess the regional brain characteristics

in MDD and BD.

Furthermore, the method described in this study is useful for clin-

ical application, in that simultaneous assessment of volume reduction

in the hippocampus, sgACC, and SCA allows Alzheimer‐type dementia,

characterized by volume reduction in the hippocampus, to be differen-

tiated from MDD. In elderly patients with MDD, depressed mood is

occasionally less prominent, while apathy, anxiety, and irritation are

prominent, often leading to a misdiagnosis of dementia. Moreover,

because autonomic symptoms are more prominent than depressed

mood or decreased motivation, the patients tend to be misdiagnosed

as having a physical disease rather than MDD. Assessment of the

existence of volume reduction in the three brain regions, ie, the hippo-

campus, sgACC, and SCA, by VBM using SPM8 and DARTEL, as in this

study, provides clues to whether the patient may have dementia,
MDD, or dementia plus MDD; that is, it is useful for the differential

diagnosis of these conditions and for predicting the prognosis and

responsiveness to drugs.33-38

We are aware that this study has several limitations. First, it was

conducted with participants aged 54 to 80 years. Accordingly, it is

difficult to directly widen the findings to younger age populations.

Future studies with younger patients are warranted. Therefore, we

are currently creating a database of younger individuals, aged 53 years

old or younger, for future comparison of the findings between the

younger and older patients. Second, all the patients with MDD and

BD were being administered medications. We are planning to conduct

further research to exclude medication effects, which may have influ-

enced the results in the MDD and BD groups. Finally, we used a 1.5 T

MRI with 2‐mm slice thickness, suggesting that the quality of the

images will be lower than a more powerful scanner, such as a 3 T with

1‐mm or less resolution. Although the effectiveness of VSRAD with a

3 T device has been shown to be comparable with that with a 1.5 T

device,36 future study with high‐quality MRI image for VSRAD may

be needed.

Despite these limitations, this study presented a low‐invasive

method for assessing volume reduction in specific regions with struc-

tural connectivity associated with the disease in the early treatment

phase and demonstrated the method's efficacy. The results suggest

that VBM to assess structural connectivity may be used as an adjunct

in the differential diagnosis between MDD and BD.

If MRI shows no volume reduction in the sgACC in a patient

presenting with depressive symptoms, the diagnosis of depression

should be reconsidered, and other diseases such as BD and adjust-

ment disorder not requiring antidepressants should be suspected,

which is important from the viewpoint of predicting the prognosis

and prescribing appropriate drugs.

It is also important to examine the phenotypes at various levels,

including at the level of the brain neural circuits, brain function, brain

structure, cell function, and molecular and gene expressions and to



NIIDA ET AL. 191
further classify MDD and BD with various coexisting pathological

conditions from the viewpoint of volume reduction in the sgACC

and SCA for investigating disease pathogenesis.39-42
5 | CONCLUSIONS

Most patients with volume reduction in the sgACC had MDD, while

those with volume reduction in the SCA without volume reduction

in the sgACC were more likely to have BD. Volume reduction in the

SCA was seen in both patients with MDD and BD, and further

research is required to investigate the significance of volume

reduction in the SCA.

Establishing objective indicators allows institutions to perform

standardized analyses; assessment of the existence of volume

reduction in the sgACC and SCA by simple VBM analysis using

SPM8 and DARTEL may be useful for differentiating between MDD

and BD in daily clinical practice. In the future, it is expected that a

larger number of patients will be examined, which would allow for a

more accurate auxiliary diagnostic method to be established.
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