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Abstract In this study, we investigated the role of

structural asymmetry of the dorsolateral prefrontal cortex

(DLPFC) in the continuum of depression from healthy

individuals to patients. Structural magnetic resonance

imaging was performed in 70 patients with major depres-

sive disorder (MDD), 49 matched controls, and 349 healthy

university students to calculate structural asymmetry

indexes of the DLPFC. First-episode, treatment-naive

MDD patients showed a relatively lower asymmetry index

than healthy controls, and their asymmetry index was

negatively correlated with the depressive symptoms. This

abnormality was normalized by antidepressants in medi-

cated MDD patients. Furthermore, the asymmetry index

was negatively correlated with the depressive symptoms in

university students; this was replicated at two time points

in a subgroup of students, suggesting good test–retest

reliability. Our findings are consistent with previous studies

that support the imbalance hypothesis of MDD and suggest

a potential structural basis underlying the functional

asymmetry of the DLPFC in depression. In future, the

structural index of the DLPFC may become a potential

biomarker to evaluate individuals’ risk for the onset of

MDD.

Keywords Major depressive disorder � Structural

magnetic resonance imaging � Dorsolateral prefrontal

cortex � Structural asymmetry

Introduction

Functional and structural asymmetry have been reported in

the brains of animals and humans [1] and have been linked

to language [2], motor control [3], cognitive performance

[4], and psychiatric disorders including schizophrenia [5, 6]

and depression [7–9].

One of the interesting aspects of brain asymmetry is its

association with emotion-related psychological processes

[10]. Using electroencephalography (EEG), previous

researchers have linked greater left than right frontal activity

to positive characteristics including more positive affect

[11], approach motivation [12], a high level of well-being

[13], and a strong ability to regulate negative emotions [14].

In contrast, decreased left (versus right) hemispheric acti-

vation has been reported in patients with ongoing major

depressive disorder (MDD) [15] and even those in remission

[16] as well as in individuals with cognitive [17] or genetic

[18] vulnerability for the onset of MDD. Evidence from

positron emission tomography, functional magnetic reso-

nance imaging (fMRI) and noninvasive brain stimulation

including repetitive transcranial magnetic stimulation and

transcranial direct-current stimulation has provided further
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support for a role of functional asymmetry in prefrontal brain

regions, especially the right and left dorsolateral prefrontal

cortex (DLPFC), in MDD [7–9, 19–23]. Taken together,

these functional studies support the imbalance hypothesis of

MDD [24, 25], which postulates prefrontal asymmetry with

relative hypoactivity in the left and hyperactivity in the right

DLPFC. To the best of our knowledge, although functional

imbalance of the DLPFC has been observed using functional

brain imaging, the structural basis underlying this functional

asymmetry and its relationship with individuals’ symptoms

of depression remain largely unexplored. In this study, we

investigated the association between structural asymmetry

of the DLPFC and depression in healthy participants and

MDD patients by analyzing high-resolution T1-weighted

anatomical images.

Typical psychiatric studies usually explore the structural

abnormalities of MDD just by comparing a group of

individuals diagnosed with MDD with another group who

do not meet the Diagnostic and Statistical Manual of

Mental Disorders (DSM) criteria. Our analysis of healthy

individuals is important for two reasons: (1) subthreshold

depressive levels are associated with a variety of negative

outcomes [26, 27] and even a significantly enhanced risk of

developing MDD [28, 29]; and (2) studies only concen-

trating on patients with MDD have difficulty in providing

comprehensive insights into the mechanism of MDD

because depression occurs along a continuum [30, 31]. Our

dimensional, rather than categorical, approach reflects a

growing trend in depression research [32].

Materials and Methods

Participants

Patients with MDD were recruited from the Outpatient

Department at the First Affiliated Hospital of Chongqing

Medical School in Chongqing, China. All were indepen-

dently diagnosed by two psychiatrists according to the

Structured Clinical Interview of DSM-IV. First-episode,

drug-naive MDD patients (n = 39, 24 females) who were

experiencing the first episode of depression, had never

received treatment and had no comorbidities. Medicated

MDD patients (n = 31, 21 females) were receiving

antidepressant drugs and had responded well to the treat-

ment (mean Beck Depression Inventory (BDI)

score = 12.03). Twenty-one of them were taking selective

serotonin reuptake inhibitors such as citalopram, fluox-

etine, paroxetine, and sertraline; 9 used serotonin-

norepinephrine reuptake inhibitors such as venlafaxine,

mirtazapine, and trazodone; and one patient used a tricyclic

antidepressant (amitriptyline). Matched healthy controls

(n = 49; 24 females) were recruited from the local

community by advertisement. The shared exclusion criteria

for patients and controls were: meeting the DSM-IV cri-

teria for any psychiatric disorders other than MDD, neu-

rological diseases, conditions that are not suitable for

scanning, medication that may change brain function, a

history of loss of consciousness, head trauma, pregnancy,

or breast-feeding. All participants were right-handed

according to self-reported questionnaires.

Right-handed healthy young adults (n = 349; 191

females; 19.9 ± 1.32 years old, age range: 17–27 years)

were also included in this study. Notably, the PFC of these

participants, especially those are younger than 25 would

not yet be mature. This point may affect the brain structure

analysis in this study. In this sample, individuals who

scored C15 in the BDI, but did not meet the diagnostic

criteria of MDD or any other psychiatric illness were

assigned to a subclinical depression group (n = 33)

according to recommendations regarding the use of the

BDI [33] and a brain structure study of subclinical

depression [34]. Then the remaining participants were

divided into two subgroups, a 5 B BDI\ 15 group

(n = 156) and a BDI\ 5 group (n = 160). Sixty-nine

students (mean age at the first scan, 19.82 ± 1.18 years, 36

females) completed the first and second scans along with

psychological measurements (mean interval between first

and second scans, 319.15 days). We used this sample to

replicate the correlation at two separate time points. The

exclusion criteria were the same as for the control group.

Subsequently, the Structured Clinical Interview for DSM-

IV was performed by two well-trained and experienced

graduate students in the Department of Psychology. None

of the 349 students met the DSM-IV criteria for any psy-

chiatric disorder and none used drugs that could affect

brain function (including antidepressants). None of the 69

students noted above developed any psychiatry illness

between the two scans. This study was approved by the

Research Ethics Committees of the Brain Imaging Center

of Southwest University and the First Affiliated Hospital of

Chongqing Medical School. Informed written consent was

given by each participant and by the guardians (college

instructors) of the two youngest participants (17 years old).

This study was conducted in accordance with the Helsinki

Declaration as revised in 1989 [35].

Measures

We used the BDI-I [36] score and the state anxiety score

derived from the State Anxiety Inventory [37] to measure

the symptoms of depression and anxiety in both the uni-

versity students and the MDD patients. The BDI-I is a

21-item self-report questionnaire measuring the severity of

depressive symptoms within the past week. Participants

who score higher in the BDI have more depressive
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symptoms [36]. The BDI-I is a reliable and widely-used

measure that assesses the severity of depressive symptoms

from non-clinical to clinical samples [38]. The State

Anxiety Inventory (A-State) is a subscale of the State-Trait

Anxiety Inventory [37]. The latter is a self-report ques-

tionnaire to evaluate the severity of anxiety, using two

scores to clearly distinguish between the state anxiety (a

temporary condition) and trait anxiety (a long-standing

quality). We used the A-State score here as a controlling

variable to explore the specificity of the results to depres-

sive symptoms.

MRI Data Acquisition

All MR images were acquired on a 3.0-T Siemens Trio MRI

scanner (Siemens Medical, Erlangen, Germany). High-reso-

lution T1-weighted anatomical images were acquired using a

magnetization-prepared rapid gradient echo (MPRAGE)

sequence (TR/TE/TI = 1900 ms/2.52 ms/900 ms; flip

angle = 9�; slices = 176; slice thickness = 1.0 mm; reso-

lution matrix = 256 9 256; voxel size = 1 9 1 9 1 mm3).

Voxel-Based Morphometry

MR images were processed using SPM8 (http://www.fil.

ion.ucl.ac.uk/spm/software/spm8/). Each image was first

displayed in SPM8 to screen for artifacts or gross

anatomical abnormalities. For better registration, the

reorientation of images was manually set to the anterior

commissure. Segmentation of T1-weighted anatomical

images into gray matter (GM) and white matter (WM) was

done using the new segmentation in SPM8. Subsequently,

we performed Diffeomorphic Anatomical Registration

through Exponentiated Lie (DARTEL) algebra in SPM8

for registration, normalization, and modulation [39]. To

ensure that regional differences in the absolute amount of

GM or WM were conserved, the image intensity of each

voxel was modulated by Jacobian determinants. Then,

registered images were transformed into Montreal Neuro-

logical Institute (MNI) space. Finally, normalized modu-

lated images (GM and WM images) were smoothed with

an 8-mm full-width at half-maximum Gaussian kernel to

increase the signal-to-noise ratio.

ROI Definition and Signal Extraction

Using Wake Forest University PickAtlas (http://fmri.

wfubmc.edu/software/PickAtlas), the DLPFC was defined

using a mask of the middle frontal gyrus, restricted to

Brodmann areas 9, 10, and 46 (using a dilation of 3 to

ensure coverage of all voxels in the area) (Fig. 1). This

method has been used in previous research focusing on

cognitive regulation [40]. It is of note that this region

encompasses the peak voxels reported in a study that

indicates an imbalance of activity in the left and right

DLPFC in emotional processing by MDD patients (coor-

dinates: left: -42, 10, 30; right: 40, 24, 42) [9]. Other ROIs

were also created using PickAtlas. Left and right masks of

the hippocampus, amygdala, and insula were each extrac-

ted on an Automated Anatomical Labeling (AAL) tem-

plate. The bilateral prefrontal cortex was defined by

combing the areas of Frontal_Sup, Frontal_Sup_Orb,

Frontal_Mid, Frontal_Mid_Orb, Frontal_Inf_Oper, Fron-

tal_Inf_Tri, and Frontal_Inf_Orb in each hemisphere based

on the AAL template. The left and right hemisphere masks

included all of the areas in the left or right hemisphere. The

ROIs generated were resliced to the same dimensions as

those of tissue segmented images obtained from the voxel-

based morphometry preprocessing step and were subse-

quently used to mask the individual modulated, normalized

GM images and extract the average volume within each

ROI using the REX toolbox (http://web.mit.edu/swg/soft

ware.htm).

Statistical Analysis

The GM volumes (GMVs) of the bilateral DLPFC were

used to calculate the asymmetry index by subtracting the

volume in the right hemisphere from that in the left

hemisphere. The asymmetry indexes of the hippocampus,

amygdala, insula, PFC and the whole brain were computed

using the same method. This method has been used in

research examining the relationship between individual

differences in structural asymmetry and overt aggression

[41], and a study that reported increased asymmetry of the

internal capsule in patients with schizophrenia [6]. Partial

correlation was performed between the asymmetry index

and depressive symptoms controlling for sex, age, and

whole-brain GMV. The state-anxiety score was further

treated to be a variable of no interest to test whether the

correlation was influenced by anxiety level. Group differ-

ences in the asymmetry indexes were tested by one-way

analysis of variance, followed by the Least Significant

Difference (LSD) test. The difference between left and

right DLPFC volumes was assessed using the paired two-

sample t test.

To determine whether the structural index of the DLPFC

is specific and sensitive enough to serve as a potential

biomarker for differentiating patients from controls or

high-risk from low-risk individuals, we used the Receiver

Operating Characteristic (ROC) curve. ROC curve analy-

ses were performed using the Statistical Package for the

Social Sciences (SPSS). The area under the ROC curve

(AUC), and the cut-off with high and balanced sensitivity

and specificity were reported.
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Results

Demographic, Clinical, and Psychological

Characteristics

The demographic and clinical characteristics of the first-

episode, treatment-naive MDD patients, the medicated

MDD patients, and the healthy controls are shown in

Table 1. The three groups did not differ significantly in

age, years of education, or gender.

The demographic and symptomatic information on the

university students is shown in Table 2. The three groups

(high-risk, middle level, and low level) did not differ in age

(P[ 0.05) or sex (P[ 0.05).

MDD Patients and Controls

There was no significant difference in the left (F = 0.80,

P = 0.448) or the right DLPFC volume (F = 0.56,

P = 0.568) among the first-episode, treatment-naive

MDD, medicated MDD, and control groups (Table 3). In

the first-episode, treatment-naive MDD patients, the GMV

of the left DLPFC was marginally lower than that of the

right DLPFC (t = -2.01, P = 0.052). This difference did

not exist in the control group (P[ 0.05) or the medicated

MDD group (P[ 0.05). Then, one-way ANOVA analysis

of the DLPFC asymmetry index showed a significant group

difference among the three groups (F = 3.39, P = 0.037)

(Fig. 2, Table 3). Post-hoc analysis revealed that the first-

episode, treatment-naive MDD patients had a lower

DLPFC asymmetry index than the controls (P = 0.013,

LSD test) and that the medicated patients had a marginally

higher DLPFC asymmetry index (P = 0.068, LSD test)

than the first-episode, treatment-naive MDD patients.

Furthermore, partial correlation was performed between

the DLPFC asymmetry index and the BDI-I score con-

trolling for sex, age, and whole-brain GMV. We found a

significant negative correlation between the asymmetry

index and depressive symptoms in the first-episode, treat-

ment-naive MDD patients, but not in the medicated MDD

patients (Fig. 3).

Healthy University Students

The three groups of university students did not differ in the

left (F = 0.90, P = 0.405) or the right DLPFC volume

(F = 0.11, P = 0.894) (Table 4). The GMV of the left

DLPFC was significantly lower than that of the right

DLPFC in the high-risk group (t = -2.69, P = 0.011) and

the middle-level group (t = -2.00, P = 0.047). No

Fig. 1 Visual display of

regions of interest. A Visual

display of the left DLPFC (red)

and right DLPFC (blue) on the

axial MRI image; B Visual

display of the left DLPFC (red)

and right DLPFC (blue) on the

sagittal MRI images. DLPFC

dorsolateral prefrontal cortex.

Table 1 Demographic and clinical characteristics of the first-episode, treatment-naive MDD, medicated MDD and control groups.

Characteristics First-episode, drug-naive

MDD patients (n = 39)

Medicated MDD

patients (n = 31)

Controls

(n = 49)

F/t/v2 P

Age (years) 38.18 (13.83) 35.52 (9.65) 39.00 (10.78) 0.88 0.41

Female/male 24/15 21/10 24/25 3.04 0.21

Education (years) 11.97 (3.32) 11.39 (3.46) 11.12 (3.69) 0.64 0.52

BDI score 23.62 (7.26) 12.03 (6.23) 3.16 (2.91) 147.14 \0.001

State-anxiety scorea 50.91 (15.58) 46.30 (13.43) 28.82 (9.38) 35.96 \0.001

Onset (years) 36.90 (14.42) 34.08 (9.47) NA 0.94 0.32

Illness duration (months) 15.35 (15.70) 17.23 (16.47) NA -0.48 0.62

MDD major depressive disorder, BDI Beck depression inventory.
a State-anxiety score was available for 35 first-episode, drug-naive MDD patients and 31 medicated MDD patients.
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significant difference was found in the low-level group

(t = -0.21, P = 0.832). There was a significant group

difference in asymmetry index among the three groups

(F = 3.60, P = 0.028) (Fig. 4; Table 4). Post-hoc tests

showed that the asymmetry index of the high-risk group

was smaller than that of the low-level group (P = 0.009),

and was marginally lower than that of the middle-level

group (P = 0.069).

We also found that the DLPFC asymmetry index was

negatively correlated with the depressive symptoms

(r = -0.134, P = 0.012) in the whole sample of university

students (n = 349). The DLPFC asymmetry index also

correlated with BDI-I score in the high-risk group

(r = -0.470, P = 0.009) (Fig. 5).

To test the robustness of the relationship between the

asymmetry index and the depressive symptoms, we con-

ducted a test–retest validation in a subgroup of university

students with the brain structure data and depression

symptoms at two time points. The DLPFC asymmetry

index calculated from the first scans correlated with the

depressive symptoms measured at the same time

(r = -0.277, P = 0.026). After nearly one year (mean

interval, 319.15 days), the asymmetry index derived from

the second scans also correlated with the depressive

symptoms measured immediately after the scanning

(r = -0.245, P = 0.049). These results indicated good

test–retest reliability of the correlation between asymmetry

index and depressive symptoms.

No Correlation between Structural Asymmetry

of Other Brain Regions and Depressive Symptoms

Correlations were also tested for other brain regions. First,

the hippocampus, amygdala, and insula were selected since

they are involved in emotional processing. No correlation

was found between the structural asymmetry index of the

* P = 0.01
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Fig. 2 Group differences in the DLPFC asymmetry index between

first-episode, treatment-naive MDD patients, medicated MDD

patients, and healthy controls. First-episode, treatment-naive MDD

patients showed a significantly lower DLPFC asymmetry index

(relatively lower GMV in the left than the right DLPFC) compared to

controls. However, the medicated MDD patients showed no differ-

ence from controls. *P\ 0.05. mP\ 0.1.

Table 2 Demographic and

psychological characteristics of

the university students.

Characteristics High risk

(n = 33)

Middle level

(n = 156)

Low level

(n = 160)

F/v2 P

Age (years) 19.96 (1.46) 19.90 (1.29) 20.08 (1.33) 0.70 0.49

Female/male 17/16 84/72 90/70 0.33 0.84

BDI score 19.75 (3.74) 9.28 (2.55) 2.42 (1.72) 852.906 \0.001

A-State scorea 44.27 (9.75) 37.15 (7.32) 31.51 (6.75) 48.630 \0.001

SD standard deviation, BDI Beck depression inventory.
a State-anxiety score was available for 30 individuals in the high-risk group and 157 in the low-level group.

High risk, BDI C 15; middle level, 5 B BDI\ 15; low level, BDI\ 5.

Table 3 Gray matter volume (GMV) and DLPFC asymmetry index in patients and controls.

Brain region or

index

First-episode, drug-naive

MDD patients (n = 39)

Medicated MDD

patients (n = 31)

Controls (n = 49) F P

Left DLPFC GMV 0.363 (0.05) 0.362 (0.05) 0.375 (0.04) 0.80 0.448

Right DLPFC GMV 0.370 (0.05) 0.360 (0.04) 0.370 (0.04) 0.56 0.568

Asymmetry index -0.007 (0.02) 0.002 (0.01) 0.004 (0.02) 3.39* 0.037

Mean (SD).

* P\ 0.05.
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hippocampus, amygdala, or insula and the depressive

symptoms (P[ 0.05 for all) in the first-episode, treatment-

naive MDD patients or the university students. To further

test the hypothesis that our findings were specific to the

structural asymmetry of the DLPFC rather than asymmetry

of a larger area (prefrontal cortex (PFC) or the whole

brain), we calculated the asymmetry index of the PFC and

the whole brain and performed correlational analysis. We

found no significant correlation between the asymmetry

index of the PFC or the whole brain and the depressive

symptoms in the first-episode, treatment-naive MDD

patients or in the university students (P[ 0.05 for both).

Controlling for the Influence of State-Anxiety

To explore the effects of state-anxiety on the correlation,

we further included the state-anxiety score as a covariate in

Fig. 3 Relationship between depressive symptoms and DLPFC

asymmetry index in treatment-naı̈ve MDD patients and medicated

patients. Scatter-plots showing the pattern of correlation between the

BDI-I score and the DLPFC asymmetry index. The DLPFC

asymmetry index is the Z-transformed difference of GM volume

between the left and right DLPFC adjusted for age, gender, and total

GMV. This association was significant for first-episode, treatment-

naive MDD patients (A) but not for medicated MDD patients (B).

** P = 0.009
P = 0.06
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Fig. 4 Group difference of DLPFC asymmetry index in the three

university student groups. The asymmetry index of the high-risk

group was lower than low-risk group and tended to be lower than the

middle-risk group. **P\ 0.01. mP\ 0.1.

Fig. 5 Association between depressive symptoms and DLPFC

asymmetry index in the high-risk group. Scatter-plot showing the

pattern of correlation between DLPFC asymmetry index and BDI

score in the high-risk group. The asymmetry index is the Z-trans-

formed difference of GMV between the left and right DLPFC

adjusted for age, gender, and total GMV.

Table 4 Gray matter volume (GMV) and DLPFC asymmetry index in the university students.

Brain region or index High risk (n = 33) Middle level (n = 156) Low level (n = 160) F P

Left DLPFC GMV 0.377 (0.05) 0.383 (0.06) 0.389 (0.04) 0.90 0.405

Right DLPFC GMV 0.389 (0.05) 0.387 (0.05) 0.389 (0.05) 0.11 0.894

Asymmetry index -0.011 (0.02) -0.003 (0.02) -0.0003 (0.02) 3.60* 0.028

Mean (SD).

* P\ 0.05.
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the correlational analysis. The negative correlation

between the DLPFC asymmetry index and depressive

symptoms remained in the university students (r = –0.103,

P = 0.059) and the first-episode, treatment-naive MDD

patients (r = –0.470, P = 0.007).

ROC Curve

First, we tried to distinguish the first-episode, treatment-

naı̈ve MDD patients from the controls. The diagnostic

power of the DLPFC asymmetry index was modest

(AUC = 0.635) but significant (P = 0.03). The cut-off

(asymmetry index = –0.00045) showed a sensitivity of

61% and a specificity of 59% (Fig. 6A). Then, we inves-

tigated the diagnostic power of the asymmetry index to

differentiate high-risk from low-risk individuals among the

university students. The ROC analysis revealed that the

DLPFC asymmetry index exhibited a modest performance

(AUC = 0.637, P = 0.01). The cut-off (asymmetry

index = –0.0092) showed a sensitivity of 63% and a

specificity of 57% (Fig. 6B).

Discussion

In this study, we aimed to explore the relationship between

structural asymmetry of the DLPFC and depressive

symptoms in MDD patients and a large sample of univer-

sity students. We found that the DLPFC asymmetry existed

not only in first-episode, drug-naive MDD patients but also

in individuals with subclinical depression. More impor-

tantly, the individual differences in the DLPFC asymmetry

index were correlated with the severity of depression in

MDD patients, individuals with subclinical depression, and

the large sample of students. This correlation was repli-

cated at two separate time points in a subgroup of students.

These results are consistent with previous studies linking

the functional asymmetry of the DLPFC to depression and

may reveal the structural basis underlying the functional

asymmetry. Moreover, these findings provide a novel

perspective for understanding the relationship between

hemispheric asymmetry and emotional processing in the

human brain.

In line with our hypotheses, the DLPFC asymmetry

index was lower in first-episode, treatment-naive MDD

patients, and individuals with subclinical depression than in

healthy controls. The DLPFC plays important roles in

working memory and episodic memory [42], executive

function [43], and the regulation of emotion [44], and this

region is commonly impaired in bipolar I depressive dis-

order and unipolar depressive disorder [45]. In this study,

instead of exploring the group differences in GMV without

considering brain asymmetry, we adopted a novel per-

spective to explore asymmetry of the DLPFC in depres-

sion. Brain asymmetry has been reported in structure and

function, and this lateralization is thought to reflect

pathological change [1]. Depression is associated with an

inter-hemispheric imbalance [46], which has been sup-

ported by several recent studies. For instance, the preva-

lence of occipital bending is three times higher among

patients with MDD than in healthy individuals, linking

occipital lobe asymmetry (occipital bending) to depression

[47]. A significant reduction in the average global func-

tional connectivity after electroconvulsive therapy has been

Fig. 6 Performance of DLPFC Asymmetry Index in ROC analysis. A Performance of DLPFC asymmetry index in differentiating MDD patients

from controls. B Performance of asymmetry index in differentiating high-risk from low-risk individuals. AUC area under the curve.
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reported, and the reduction is restricted and lateralized,

limited to an area within the left DLPFC [48]. More

directly, EEG studies have indicated that depressed patients

have a negative asymmetry index in alpha power, reflecting

left frontal hypo- and right frontal hyper-activation. The

more negative the asymmetry index in the frontal lobes, the

more severe are the depressive symptoms [49]. The

abnormal structural asymmetry of the DLPFC found in our

study is consistent with the view that depression is asso-

ciated with an inter-hemispheric imbalance. Although we

did not record the EEG in our samples, we speculated that

the structural asymmetry of the DLPFC that we found

could be the structural foundation of the functional asym-

metry of the DLPFC in MDD patients and individuals at

high risk for MDD [9, 15–18]. Over 70 published EEG

studies [50] and recent functional MRI studies [19, 51]

have established a differential role of the left and right PFC

for processing positive and negative emotional informa-

tion, respectively. Since brain structure may be the neural

substrate of brain function, the structural asymmetry of the

DLPFC may be associated with an imbalance of positive

and negative emotions. And depression, in fact, is an

affective disorder with an imbalance of emotion. The rel-

atively low DLPFC asymmetry index could indicate

impaired and unbalanced emotional processing. Thus,

MDD patients and individuals with subclinical depression

had a relatively low DLPFC asymmetry index. We also

found that the asymmetry index in first-episode, drug-naive

MDD patients were marginally lower than in medicated

patients. The reason for this phenomenon may be that the

GMV of the left DLPFC increases due to the effects of

antidepressants. This finding is consistent with the results

of a longitudinal study, which investigated the effects of

antidepressants on the GMV of MDD patients [52]. In this

study, the GMV of the left rather than the right DLPFC of

depressed individuals increased in a way that correlated

with the decreasing self-reported severity of depression.

These results suggest that antidepressants can affect and

normalize the abnormal structural asymmetry index in

MDD patients who respond to medications and provide

further support for the association between the asymmetry

index and depressive symptoms. However, the evidence

from our study is preliminary and does not illustrate a

causal relationship. A longitudinal design should be used to

directly validate the effect of antidepressants on the

asymmetry index.

We found that the DLPFC asymmetry index correlated

with the depressive symptoms from healthy young adults to

individuals with subclinical depression and patients with

MDD. These results suggest that individual differences in

the structural asymmetry of the DLPFC reflects the severity

of depression across the different cohorts. The relationship

between structural asymmetry and depressive symptoms

may be related to the valence-lateralization theory, which

proposes dominance of the left PFC in positive emotions

and of the right PFC in negative emotions [25, 53]. This

theory is supported by the linear dependence of positive

and negative emotion judgment on activity in the left and

right DLPFC, respectively, reported in an fMRI study [51]

and by an association between greater left than right frontal

activity and positive affect [11], approach motivation [12],

well-being [13], and emotional regulation [14] reported in

EEG studies. Individuals with a low asymmetry index had

a relatively smaller GMV in the left than in the right

DLPFC. Therefore, we speculate that the smaller GMV in

left DLPFC may be associated with weak positive emo-

tional processing while the larger GMV in the right DLPFC

may be linked to stronger negative emotional processing.

The imbalance of the GMV of the DLPFC may lead to

stronger negative emotion and weaker positive emotion

and subsequently become the root of depressive symptoms.

Much to our regret, the diagnostic power of the DLPFC

asymmetry index was modest. This limits its potential to

act as a biomarker in support of the clinical diagnosis. The

reason its diagnostic power is limited may be that MDD is

a complex disorder, and we only used the information from

a specific brain region, the DLPFC. However, although this

index is far from clinical use due to its limited diagnostic

power, the findings from this study can help to understand

depression from the perspective of the imbalance hypoth-

esis of MDD. In future, the DLPFC asymmetry index may

be combined with other biomarkers to achieve better

performance.

There are several limitations in this study. First, the age

span of the MDD patients is large, which may be a con-

founding variable in the structural MRI analyses. However,

we included age as a covariate in the partial correlation to

minimize its effect and obtained the same significant cor-

relation in a highly homogeneous sample of university

students with a narrow age span. Second, the DLPFC is not

a precise anatomical structure, but rather a functional one.

In this study, we defined the DLPFC based on previous

research and confirmed it using the coordinates from a

functional MRI study that showed an imbalance in the

activity of the left and right DLPFC [9]. Third, because of

the significant difference between age and years of edu-

cation between the subclinical depression group and the

patient group, we could not directly compare the asym-

metry index between them. In future, when two compara-

ble groups are available, this difference can be

investigated. Finally, the self-rated measurement (BDI)

rather than the ‘‘gold standard’’ of depression measurement

(Hamilton Depression Scale) was used to rate the severity

of symptoms in MDD patients. We did this since we

intended to use data from the same measurement across

different samples.
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In summary, the results of this study demonstrate a rela-

tionship between structural asymmetry of the DLPFC and

depressive symptoms in first-episode, treatment-naive

patients with MDD and healthy young adults showing dif-

ferent levels of depressive tendency, including a group of

individuals with subclinical depression. Our findings suggest

that MDD patients and individuals with subclinical depres-

sion have a relatively low DLPFC asymmetry index and that

individual differences in the structural asymmetry of the

DLPFC correlate with the depressive symptoms in healthy

individuals, high-risk individuals, and MDD patients.

In conclusion, the current results highlight the role of

structural asymmetry of the DLPFC in the pathology of

MDD. They not only provide further support for the

imbalance hypothesis of MDD, but also suggest a potential

structural basis underlying the functional asymmetry of the

DLPFC in depression. In future, the DLPFC structural

index may become a potential biomarker of individuals’

risk for the onset of MDD.
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