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Background: Multiple meta-analyses of diffusion tensor imaging (DTI) studies have reported impaired white matter integrity in patients
with major depressive disorder (MDD). However, owing to inclusion of medicated patients in these studies, it is difficult to conclude
whether these reported alterations are associated with MDD or confounded by medication effects. A meta-analysis of DTI studies on
medication-free (medication-naive and medication washout) patients with MDD would therefore be necessary to disentangle MDD-
specific effects. Methods: We analyzed white matter alterations between medication-free patients with MDD and healthy controls using
anisotropic effect size–signed differential mapping (AES-SDM). We used DTI query software for fibre tracking. Results: Both pooled and
subgroup meta-analyses in medication washout patients showed robust fractional anisotropy (FA) reductions in white matter of the right
cerebellum hemispheric lobule, body of the corpus callosum (CC) and bilateral superior longitudinal fasciculus III (SLF III), whereas FA
reductions in the genu of the CC and right anterior thalamic projections were seen in only medication-naive patients. Fibre tracking
showed that the main tracts with observed FA reductions included the right cerebellar tracts, body of the CC, bilateral SLF III and arcuate
fascicle. Limitations: The analytic techniques, patient characteristics and clinical variables of the included studies were heterogeneous;
we could not exclude the effects of nondrug therapies owing to a lack of data. Conclusion: By excluding the confounding influences of
current medication status, findings from the present study may provide a better understanding of the underlying neuropathology of MDD.

Introduction
Major depressive disorder (MDD) is a debilitating and pervasive mental illness with a 12-month and a lifetime prevalence
of 6.6% and 16.2% respectively.1 The disorder is the third
leading cause of global disease burden, with annual total
costs to society exceeding $80 billion worldwide,2 and is predicted to be the leading health burden worldwide by 2030.3
Numerous studies have reported cognitive dysregulation
and behavioural and physical dysfunction in individuals
with MDD.4–6 In order to identify more effective treatment
options, greater efforts are needed to elucidate the neurobiological dysfunctions underlying MDD.
Neuroimaging studies have sought to identify the brain
abnormalities in individuals with MDD, and a network perspective involving functional and structural connectivity has
been widely recognized.7–10 However, structural connectivity

with higher within-subject test–retest reliability than functional connectivity offers a more practical approach to characterizing brain abnormalities related to the disease.11 The
disruption of cortical-–subcortical neural circuits, including
the hypothalamic–pituitary–adrenal (HPA) axis and frontolimbic circuits, may be involved in the etiology of MDD.12–15
White matter abnormalities have been proposed as potential
biomarkers of MDD.11
Diffusion tensor imaging (DTI) is a widely used technique
to visualize and measure the diffusion of water in brain tissue, and it is a particularly useful tool for evaluating white
matter abnormalities16 and treatment outcomes.17 Fractional
anisotropy (FA) is a measure of anisotropic water diffusion
that reflects the degree of directionality of cellular structures
within the fibre tracts. Generally, it is positively associated
with white matter anisotropy, and a loss of anisotropic diffusion is often associated with abnormalities in the cellular
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 icrostructure (i.e., the integrity of white matter pathm
ways).18–20 Two whole-brain analysis methods are commonly
used. The voxel-based analysis (VBA) technique involves
analyzing all white matter voxels and correcting for multiple
comparisons and noise by reporting only contiguous clusters
of significant voxels. Tract-based spatial statistics (TBSS) isolates the central core of white matter tracts with the highest
FA and reports significant clusters within that white matter
skeleton.21 Results from whole-brain studies have suggested
widespread white matter abnormalities in MDD in regions
such as the frontal gyrus,15,22,23 cerebellum,22,24,25 right thalamus,24,25 right parietal lobe,22,23 corpus callosum (CC)26,27 and
superior longitudinal fasciculus (SLF).28–30 However, these results are not consistent, probably owing to small or hetero
geneous study samples and methodological differences. A
whole-brain meta-analysis detecting common regions of
white matter abnormality from DTI studies of patients with
MDD is therefore of particular importance.
Three recent meta-analyses of DTI studies (Appendix 1,
Table S1, available at jpn.ca) found that MDD was characterized by FA alterations in the right inferior fronto-occipital
fasciculus,11,31 left SLF,31 CC,11,32 right inferior longitudinal fasciculus and the right posterior thalamic radiation.11 However,
previous meta-analyses, particularly the earlier ones, included medicated samples because a subgroup analysis of
unmedicated or even drug-free patients would not have been
possible in the beginning owing to the small number of published DTI studies. The inclusion of medicated patients may
bias meta-analyses and limit the interpretability and generalizability of the results, as a few studies have reported the effects of antidepressant medication on white matter microstructure.33–35 One study reported that the increment in rich
club hub connections was greater in the creatine group than
in the placebo group, suggesting the effects of creatine administration on brain network organization may partly
underlie its efficacy in treating women with MDD.36 Moreover, compared with patients who had current MDD, those
with remitted MDD showed an altered pattern of intracommunicability within the default mode network (DMN) and
intercommunicability between the DMN and other subnetworks, including the visual recognition network and salience
network, after treatment with selective serotonin reuptake inhibitors.37 However, FA reductions in these involved regions
(e.g., superior frontal, superior parietal and precentral areas
and precuneus) were found in patients with MDD versus
controls in some original studies.38–40 It is therefore conceivable that antidepressant medications themselves could result
in regional white matter microstructure changes in patients
with MDD.
In order to elucidate brain abnormalities directly related to
the disease without the confounding effect of current medication, a meta-analysis of studies investigating medication-free
patients with MDD who either had never received antidepressant medications (i.e., medication-naive) or who underwent a
washout period before MRI scanning would be of great value.
Nevertheless, to our knowledge no such meta-analysis has
been published to date despite the increase in published DTI
studies on medication-free patients with MDD.13,15,22–30,41–44 To
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this end, the aim of the present meta-analysis is to provide an
updated quantitative summary of studies investigating white
matter abnormalities in medication-free patients with MDD
and the effects of demographics and clinical characteristics on
white matter microstructure in individuals with MDD. Differences between the findings of current and previous metaanalyses would provide a clearer picture of the white matter
alterations directly related to the illness and those potentially
influenced by current antidepressant treatment. We used
anisotropic effect size–signed differential mapping (AESSDM),45 which is the new version of effect size–signed differential mapping (ES-SDM)46 and has been successfully applied
to dementia with Lewy bodies,47 childhood maltreatment,48
bipolar disorder and MDD.32 Additionally, fibre tracking was
performed to demonstrate the most probable tracts passing
through the white matter regions of altered FA identified by
AES-SDM, providing a more intuitive visual platform to appreciate the meta-analysis results.

Methods
Inclusion of studies
We used a systematic strategy to identify relevant studies
from PubMed, MEDLINE, EMBASE, Web of Science and Science Direct published up to December 2014, using the keywords “depression” or “depressive disorder” or “unipolar
depression” or “depress*” plus “diffusion tensor imaging” or
“diffusion tensor” or “DTI.” To ensure completeness, we
searched within all fields (including titles and abstracts)
using those keywords. In addition, we manually searched the
reference lists from relevant reviews, meta-analyses and empirical papers found in our original electronic search to identify further studies for inclusion. Studies were included if
they used DTI to investigate FA changes in the whole brain
(or whole white matter) in patients with MDD, compared patients with MDD and healthy controls using VBA or TBSS approaches, investigated medication-free patients with MDD
and if they were written in English. We excluded studies
from which peak coordinates could not be retrieved from the
published article or after contacting the authors; studies in
which different thresholds were used in different regions of
the brain; studies whose findings were based on regions of
interest or on small volume correction; theoretical papers,
case reports and reviews; and studies that reported adolescent or late-life depression and/or included participants with
comorbid conditions (e.g., Parkinson disease, mania or traumatic brain injury). We tried our best to contact authors for
more information when necessary (e.g., conference papers).
Two of us (J.J. and Y.J.Z.) independently conducted the literature search. The results were compared, any inconsistent result was discussed and resolved by consensus.

Quality assessment
Two of us (J.J. and Y.J.Z.) independently rated each included
study for quality and completeness using a 12-point checklist
that was adapted from previous meta-analyses. 49–52 We
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 odified this checklist to reflect critical variables that were
m
important in assessing DTI studies. The checklist was
divided into 3 categories: participants (items 1–4), methods
for image acquisition and analysis (items 5–10), and results
and conclusions (items 11 and 12; summarized in Appendix 1,
Table S2). Each item received a score of 1, 0.5 or 0 if the cri
teria were fully, partially or not met, respectively.49

Recorded variables
For each included study, we recorded the following variables: sample size, sex and mean age of participants, illness
duration, depression symptom severity, mean number of episodes, percentage of patients who ever received psychotherapy, drug and nondrug therapy status, statistical threshold of
main findings, method used to correct whole-brain results for
multiple comparisons, magnetic field strength, channels of
head coil, acquisition voxel size, number of diffusion directions and type of analysis.

Meta-analysis of regional FA differences in white matter
We analyzed FA differences in white matter between patients
with MDD and healthy controls using AES-SDM (www
.sdmproject.com),32 a voxel-based meta-analytic approach that
uses the reported peak coordinates to recreate original maps of
the effect size of FA differences in white matter between patients and controls rather than just assessing the probability or
likelihood of a peak.53 The AES-SDM method incorporates the
positive features of earlier methods (e.g., activation likelihood
estimation, multilevel kernel density analysis), reconstructs
positive and negative differences in the same signed differential map to avoid any voxel appearing significant in opposite
directions, and uses effect size to combine reported peak co
ordinates with statistical parametric maps.46 Complementary
analyses, such as jackknife, subgroup and meta-regression
analyses, can help us assess the robustness and heterogeneity
of the results.46 The kernels of the previous versions of ES-SDM
are isotropic (i.e., the effect size of a voxel close to a peak
would depend only on the effect size of the peak and the
Euclidian distance between the voxel and the peak).45 Based on
ES-SDM, AES-SDM introduces a novel improvement: it adopts
anisotropic kernels to assign different values to different
neighbouring voxels based on the spatial correlation between
them (i.e., highly correlated voxels are estimated to have larger
effect sizes, whereas uncorrelated voxels are estimated to have
smaller or null effect sizes). To our knowledge, the correlated
voxels are more likely to be from the same brain region. The
recreation of effect size maps using anisotropic kernels can be
more accurate than using isotropic kernels, thus allowing
more exhaustive and accurate meta-analyses.45
The AES-SDM method has been described in detail elsewhere.45,46 Therefore, we restrict our summary to its main features. First, peak coordinates and effect sizes (e.g., derived
from t values) of white matter FA differences between patients
with MDD and healthy controls were extracted from each data
set. Notably, to avoid biases toward liberally thresholded brain
regions, we excluded those peaks that did not appear statis

tically significant at the whole brain level, ensuring that the
same threshold was applied to each included study.54 Second,
a standard Montreal Neurological Institute (MNI) map of differences in FA was separately recreated for each study by
means of an anisotropic Gaussian kernel, which assigns higher
effect sizes to the voxels more correlated with peaks.45 Third,
we obtained a map of the effect size variance for each study
from its effect size map and sample size. Fourth, the mean
map was derived by voxel-wise calculation of the random-
effects mean of the study maps, weighted by the sample size
and variance of each study, and accounting for interstudy heterogeneity. We assessed statistical significance using standard
randomization tests, thus creating null distributions from
which p values can be directly obtained.46 To allow combination of VBA and TBSS studies, we adopted the TBSS template
included in AES-SDM, which has been used and described by
Wise and colleagues32 as supplementary methods. We analyzed results from VBA studies only if they fell within the
same areas used by TBSS studies.32 We used default AES-SDM
thresholds (voxel p = 0.005, peak height z = 1, cluster extent =
10 voxels).46 The AES-SDM results are represented on a
3-dimensionally rendered brain, removing part of the left or
right hemisphere and highlighting areas of the brain where FA
alterations reached significant values.55

Sensitivity analysis
To test the replicability of the results, we used a systematic
whole-brain voxel-based jackknife sensitivity analysis. This
consists of repeating the main statistical analysis 15 times, discarding a different study each time. If a brain region remains
significant in all or most of the combinations of s tudies, the
finding is considered highly replicable.54

Fibre tracking
We used DTI query software56 to explore and display the
most probable white matter tracts passing through clusters of
voxels that showed significant FA group differences with reference to an atlas of human white matter anatomy.57 The
white matter tracts were mapped using streamline tracking
techniques and filtered by tract length and ROI centred on
the coordinates of significant clusters.56,58 As a novel set of
interaction techniques, DTI query allows placement and
interactive manipulation of box-shaped ROIs to display pathways passing through specific anatomic areas, making it
easier to explore and interpret white matter pathways.11
Numerical path properties, such as average FA, ROI volume
and average curvature, can be further explored.56,59

Subgroup analyses
Two subgroup analyses were performed on the basis of medi
cation status (medication washout and medication-naive).
Strategically, the subgroup analysis of medication-naive patients with first-episode MDD could help reduce confounders, such as illness duration and previous antidepressant
treatment, that may dilute the neuropathological findings in
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patients with MDD. We compared these results with the subgroup analysis of patients who underwent a washout period
before MRI scanning to investigate the regional alterations
that may be associated with a long disease process or previous treatment with antidepressant medication. Moreover, we
performed a subgroup analysis of these studies with corrected results to throw light upon the possible effects of these
uncorrected results on the overall conclusions.

FA regions from all included studies are summarized in
Table 1 and Table 2. The quality scores, ranging from 10.5 to
12 (mean score 11.4), shown in Table 1 demonstrated that the
included studies were of high quality, ensuring a more exhaustive and accurate meta-analysis.

Analysis of heterogeneity and publication bias

Our meta-analysis of reported coordinates of all included
studies with medication-free patients mainly revealed 4 regions of decreased FA in patients with MDD compared with
controls: the white matter of the right cerebellum hemispheric lobule, body of the CC, bilateral SLF III and the long
segment of the arcuate network (Table 3, Fig. 1). No significant FA increase was found in patients with MDD compared
with controls. The main white matter tracts traversing these
regions of decreased FA were the right cerebellar tracts, body
of the CC, bilateral SLF III and the long segment of the arcuate fascicle (AF), as shown in Figure 2. Previous research in
nonhuman primates has shown that the SLF is composed of
4 separate components: SLF I, SLF II, SLF III and AF.61 A
study by Makris and colleagues62 identified and segmented
the 4 subdivisions in humans using DTI. The SLF III is the
ventral component that originates in the supramarginal gyrus
and terminates in the ventral premotor and prefrontal cortex.62,63 The AF is the component that originates in the superior
temporal gyrus, curves around the caudal tip of the Sylvian fissure and terminates in the dorsal prefrontal cortex.62,63

We examined the statistical (between-studies) heterogeneity
of individual clusters using a random-effects model with Q
statistics (χ2 distribution converted to z values) and tested
with a permutation approach (uncorrected p < 0.005, peak
height z = 1, cluster extent = 10 voxels). We created funnel
plots of the peaks of the main findings in order to discard
gross abnormalities, such as findings that were driven by
only 1 study. We examined the possibility of publication bias
for white matter regions showing altered FA using the Egger
test in Stata software version 12.0 (www.stata.com/).

Meta-regression analysis
To characterize the potential effects of key demographic and
clinical variables on white matter, we explored the following
variables by means of simple linear regression: mean age of
patients, percentage of female patients in the whole MDD
group in each study, illness duration and depression symptom severity (Hamilton Rating Scale for Depression [HAM-D])
of patients with MDD. The mean number of illness episodes,
nondrug therapy status and percentage of patients who had
ever received psychotherapy could not be studied owing to a
lack of data. As described in previous meta-analyses, we decreased the probability threshold to 0.000546,54,60 and discarded findings in regions other than those detected in the
main analyses to minimize the detection of spurious associations. Furthermore, regression plots were visually inspected
to discard fittings driven by too few studies.46,54

Results

Jackknife sensitivity analysis
Whole-brain jackknife sensitivity analysis showed that FA decreases in the white matter regions of the right cerebellum
hemispheric lobule, bilateral SLF III and the long segment of
the arcuate network were relatively replicable, being preserved throughout all but 1 combination;22 FA decreases in the
body of the CC remained significant in all but 2 combinations27,28 (Appendix 1, Table S3).

Subgroup meta-analysis of studies with medication-naive
patients with first-episode MDD

Included studies and sample characteristics
The search strategy identified 4046 studies, 15 of which met
our inclusion criteria,13,15,22–30,41–44 with 1 study reporting a significant difference in age between the MDD and control
groups.44 They included a combined total of 434 medicationfree patients with MDD (183 men and 251 women with a
mean age of 34 [range 18–67] yr) and 429 controls (196 men
and 233 women with a mean age of 33 [range 18–67] yr).
These included studies provided 43 coordinates in total of altered FA in patients with MDD versus healthy controls. Two
of the studies used overlapping samples, so we included that
with the most participants43 after a discussion over email
with the authors. The flow diagram of the identification and
attrition of studies is shown in Appendix 1, Figure S1. The
clinical and demographic data, scanning methods and altered
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Pooled meta-analysis of all included studies with
medication-free patients

The first-episode medication-naive subgroup analysis
included 7 data sets15,23,26,28,29,42,43 comprising 174 patients with
MDD and 157 healty controls. The analysis revealed FA
decreases in the genu of the CC and right anterior thalamic
projections extending to the right SLF III (Table 3,
Appendix 1, Fig. S2).

Subgroup meta-analysis of medication washout studies
The medication washout subgroup analysis included 8 data
sets13,22,24,25,27,30,41,44 that compared 260 patients with MDD and
272 healthy controls. Fractional anisotropy reductions were
identified in the white matter of the right cerebellum hemispheric lobule, body of the CC, bilateral SLF III and the long
segment of the arcuate network (Table 3, Appendix 1, Fig. S2).
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Meta-regression analysis

The percentage of women with
MDD (i.e., in the whole MDD
group in each study), the mean
age of patients, illness duration
and depression symptom severity
(HAM-D) of patients with MDD
were not significantly associated
with MDD-related white matter
FA changes, at least linearly.

Discussion

To our knowledge, this is the first
meta-analysis of DTI studies in
medication-free patients with
MDD examining MDD-related
white matter abnormalities without the interference of current
medication effects. Medicationfree patients showed significantly
decreased FA in the white matter
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27 (15)

14 (12)

46 (21)

54 (26)

20 (15)

30 (13)

52 (27)

29 (17)

44 (23)

14 (12)

52 (31)

Choi et al.41

Han et al.26

Hayashi
et al.42

Jia et al.22

Korgaonkar
et al.44

Lai and Wu28

Ma et al.23

19 (7)

21 (16)

23 (13)

25 (15)

16 (13)

Tha et al.24

Wang et al.25

Wu et al.29

Zhu et al.43

Zuo et al.30

19 (12)

25 (15)

21 (12)

22 (14)

19 (6)

18 (9)

39 (21)

52 (28)

30 (13)

22 (15)

37

21

31

30

39

27

36

29

37

41

35

44

43

34

30

MDD

37

20

30

30

37

27

30

27

38

30

37

44

44

34

27

Control
Remitted

Depressed

Depressed

Depressed

Depressed

Depressed

Depressed

Depressed

Depressed

Depressed

Depressed

Depressed

Depressed

Depressed

Depressed

NA

0.8617

0.1808

1.1833

1.5308

1.2583

NA

0.8583

0.39

NA

3.2628

NA

0.3667

7.77

NA

Illness
duration, yr

30 (HAM-D)

35 (CESD)

22 (HAM-D)

20 (HAM-D)

19 (HAM-D)

24 (HAM-D)

19 (HAM-D)

38 (BDI)

22 (HAM-D)

19 (HAM-D)

23 (HAM-D)

> 14
(HAM-D)

19 (HAM-D)

19 (HAM-D)

9 (HAM-D)

Severity
(scale type)

NA

FE

FE

NA

NA

FE

2

FE

FE

NA

NA

FE

FE

NA

NA

Mean no.
episodes

puncorr < 0.005

pcorr < 0.05

puncorr < 0.001

pASC < 0.05

puncorr < 0.001

puncorr < 0.001

pFWE < 0.05

puncorr < 0.001

pFWE < 0.05

pFWE < 0.05

pFWE < 0.05

pFWE < 0.05

pFWE < 0.05

pFWE < 0.05

pcorr < 0.001

Statistical
threshold

NA

0

0

0

NA

NA

14/52

NA

0

NA

0

0

0

NA

NA

Medication-free
for ≥ 2 wk

Naive

Naive

Medication-free
for ≥ 4 wk

Medication-free
for ≥ 6 mo

Naive

Medication-free
for ≥ 2 wk

Naive

Naive

Medication-free

Medication-free
for ≥ 2 wk

Naive

Naive

Medication-free
for ≥ 2 wk

Medication-free

Drug status

No ECT

No ECT in
the past
6 mo

No ECT

NA

No ECT

No ECT

NA

NA

NA

NA

No

No

No

NA

NA

Nondrug
therapy
status

11.5

12

12

11.5

11.5

11.5

10.5

11.5

11.5

10.5

11.5

11.5

12

11

11.5

Quality
scales (out
of 12)

ASC = AlphaSim correction; BDI = Beck Depression Inventory; CESD = Center for Epidemiologic Studies Depression Scale; ECT = electroconvulsive therapy; FE = first episode; FWE = family-wise error correction; HAM-D = Hamilton
Rating Scale for Depression; MDD = major depressive disorder; NA = not available.

18 (9)

Ouyang
et al.15

Olvet et al.

27

21 (14)

17 (14)

Arnold et al.13

54 (26)

Control

MDD

Study

Disease
state

The subgroup analysis of studies
with corrected results included
10 data sets13,22,25–28,41–44 comprising 344 patients with MDD and
338 healthy controls. These
results were consistent with the
pooled meta-analysis (Table 3),
showing few effects of uncorrected results on the overall
conclusions.

Age, yr; group

Subgroup meta-analysis of
studies with corrected results

No. participants
(female); group

Analysis of heterogeneity and
publication bias

Fraction of
patients receiving
psychotherapy

Analysis of heterogeneity revealed that the right cerebellum
hemispheric lobule and the body
of the CC with altered FA had
significant statistical heterogen
eity among studies (p < 0.005;
Appendix 1, Table S4). Funnel
plots demonstrated that the main
findings were driven by at least
9 studies, shown in Appendix 1,
Figure S3. Analysis of publication bias showed that the Egger
test was nonsignificant for the
right cerebellum hemispheric
lobule (p = 0.57), body of the CC
(p = 0.39), left SLF III (p = 0.28)
and right SLF III (p = 0.28).

Table 1: Demographic and clinical characteristics of participants in the 15 studies included in the meta-analysis
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of the right cerebellum hemispheric lobule, body of the CC,
bilateral SLF III and the long segment of the arcuate network
compared with healthy controls. To some extent, our findings

are not completely consistent with those of previous metaanalyses, which may be a result of inclusion of both medicated and medication-free patients with MDD in previous

Table 2: Scanning methods and altered fractional anisotropy regions of the 15 studies included in this meta-analysis
Study

Field, T (coil,
channels)

Acquisition
voxel, mm3

No. of
directions

Coordinate
system

No. of
coordinates

Type of
analysis

Significant change in FA
—

Arnold et al.13

1.5 (8)

2.5 × 2.5 × 2.5

30

—

0

VBA

Choi et al.41

3 (12)

2×2×2

60

—

0

VBA, TBSS

—

Han et al.26

3 (12)

1.8 × 1.8 × 3.0

20

MNI

1

TBSS

Decrease observed in the body
of the CC

Hayashi et al.42

3 (8)

1.02 × 1.02 × 4

25

—

0

TBSS

—

Jia et al.22

3 (8)

1×1×3

15

MNI

4

VBA

Both decreases and increases
observed in the bilateral
parietal lobe (subgyral),
R frontal lobe (paracentral
lobule) and R cerebellum
(anterior lobe)

3 (8)

1.72 × 1.72 × 2.5

42

—

0

TBSS

—

3 (NA)

2×2×2

30

MNI

2

TBSS

Both decreases and increases
observed in the L SLF and
R anterior thalamic radiation

1.5 (birdcage)

1.875 × 1.875 × 4

13

Tal

4

VBA

Both decreases and increases
observed in the R middle frontal
gyrus, L lateral occipitotemporal
gyrus, subgyral white matter of
the R parietal lobe and R angular
gyrus

3 (8)

0.95 × 0.95 × 3

25

MNI

5

TBSS

Both decreases and increases
observed in the R body of the
CC, L inferior fronto-occipital
fasciculus, R anterior thalamic
radiation, R inferior longitudinal
fasciculus and R cingulum

1.5 (birdcage)

1.875 × 1.875 × 4

13

MNI

6

VBA

Both decreases and increases
observed in the bilateral medial
frontal gyri, R subgyral frontal
and temporal lobes, L middle
frontal gyri and L cingulate
gyrus

1.5 (NA)

1.875 × 1.875 × 5

12

MNI

9

VBA

Both decreases and increases
observed in the bilateral frontal
gyrus, bilateral anterior limbs of
the internal capsule and left
putamen, mediodorsal nucleus
of the right thalamus, anterior
and superior aspect of bilateral
cerebellar hemispheres

3 (NA)

0.9375 × 0.9375 ×
5

42

MNI

4

VBA

Decreases observed in the R
cuneus gyrus, and increases
observed in the R thalamus,
R postcentral gyrus and
cerebellar vermis

Wu et al.29

1.5 (NA)

0.94 × 0.94 × 4

13

MNI

3

VBA

Decreases observed in the
R SLF within the frontal lobe,
R middle frontal and L inferior
parietal lobe

Zhu et al.43

1.5 (NA)

1.875 × 1.875 × 4

13

MNI

3

TBSS

Decreases observed in the L
anterior limb of the internal
capsule and R parahippocampal
gyrus, and both decreases and
increases observed in the L
posterior cingulate cortex

Zuo et al.30

1.5 (NA)

1×1×4

25

MNI

2

TBSS

Decreases observed in the L
centre portion of the SLF and
L premotor area (BA 6)

Korgaonkar et al.44
Lai and Wu28

Ma et al.23

Olvet et al.27

Ouyang et al.15

Tha et al.24

Wang et al.25

BA = Brodmann area; CC = corpus callosum; DTI = diffusion tensor imaging; FA = fractional anisotropy; L = left; MDD = major depressive disorder; MNI = Montreal Neurological Institute;
NA = not available; R = right; Tal = Talairach; SLF = superior longitudinal fasciculus; TBSS = tract-based spatial statistics; VBA = voxel-based analysis.
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36
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z
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–1.231
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–1.272
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–1.242

–1.057

–1.320

–1.332

–1.151

–1.598

SDM z score

0.00025

0.00046

0.00016

0.00027

0.00098

0.00069

0.00261

0.00006

0.00001

0.00018

0.00054

0.00047

0.00234

0.00004

p value,
uncorrected

17

22

49

153

19

17

19

247

54

51

16

18

36

220

No.
voxels*

R superior longitudinal fasciculus III (15)
R arcuate network, long segment (2)

L superior longitudinal fasciculus III (17)
Left arcuate network, long segment (5)

Corpus callosum (49)

R cerebellum hemispheric lobule; BA 37,
19, 18 (142)
M cerebellar peduncle (1)
Undefined (10)

L superior longitudinal fasciculus III (13)
L arcuate network, long segment (6)

R superior longitudinal fasciculus III (14)
R arcuate network, long segment (3)

Corpus callosum (19)

R cerebellum, hemispheric lobule; BA 37,
19, 18 (202)
R middle cerebellar peduncle (13)
Undefined (32)

R superior longitudinal fasciculus III (26)
Corpus callosum (19)
R anterior thalamic projections (9)

Corpus callosum (52)

R superior longitudinal fasciculus III (14)
R arcuate network, long segment (2)

L superior longitudinal fasciculus III (15)
Left arcuate network, long segment (3)

Corpus callosum (36)

R cerebellum hemispheric lobule; BA 37,
19, 18 (183)
M cerebellar peduncle (12)
Undefined (25)

Cluster breakdown (no. voxels)

BA = Brodmann area; FA = fractional anisotropy; L = left; M = middle; MDD = major depressive disorder; MNI = Montreal Neurological Institute; R = right; SDM = signed differential mapping.
*All voxels with p < 0.005 uncorrected.
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Subgroup meta-analysis of
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8
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Corpus callosum

R superior longitudinal
fasciculus III

–38

–56

42

40

–36

–36

10

–56

y

MNI coordinates

14

R cerebellum hemispheric
lobule

Subgroup meta-analysis of
medication wash-out studies

18

Corpus callosum

Subgroup meta-analysis of
medication-naive studies

14

–36

Corpus callosum

26

x

R cerebellum hemispheric
lobule

Pooled meta-analysis of all
included studies

Brain region
(MDD < control)

Table 3: Regional FA differences between patients with MDD and healthy controls identified by the present meta-analysis

R superior longitudinal fasciculus III
R arcuate fascicle, long segment

L superior longitudinal fasciculus III
L arcuate fascicle, long segment

Body of corpus callosum

R cerebellar tracts

L superior longitudinal fasciculus III
L arcuate fascicle, long segment

R superior longitudinal fasciculus III
R arcuate fascicle, long segment

Body of corpus callosum

R cerebellar tracts

R superior longitudinal fasciculus III
Genu of corpus callosum
R anterior thalamic projections

Genu of corpus callosum

R superior longitudinal fasciculus III
R arcuate fascicle, long segment

L superior longitudinal fasciculus III
L arcuate fascicle, long segment

Body of corpus callosum

R cerebellar tracts

Fibre tracking
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studies. Results from the subgroup meta-analysis of medication washout studies were consistent with those of the pooled
meta-analysis. However, FA reductions identified in the genu
of the CC and right anterior thalamic projections were seen
only in the studies of first-episode medication-naive patients,
which might suggest some traits for MDD (i.e., white matter
abnormalities directly associated with MDD).
Sensitivity analysis showed our findings were relatively
replicable. Findings of altered FA in the right cerebellum

hemispheric lobule and the body of the CC had significant statistical heterogeneity among studies, which may be owing to
the unavoidable heterogeneity in the acquisition parameters of
raw diffusion data, patient characteristics and clinical variables
of the included studies. The results of meta-regression analysis
showed that there was no significant association between
white matter microstructure alterations and relevant socio
demographic and clinical variables. The results, however,
should be interpreted with some caution in consideration of

MDD < HC

R CHL

CC

L SLF III

R SLF III

Fig. 1: Regions showing reduced fractional anisotropy (FA) in medication-free patients with major depressive disorder (MDD)
compared with healthy controls (HC). Fractional anisotropy changes in patients are displayed on a 3-dimensionally rendered
brain, with part of the left or right hemisphere removed. CC = corpus callosum; CHL = cerebellum hemispheric lobule; L = Left;
R = right; SLF = superior longitudinal fasciculus.

MDD < HC

P

A

L

R

R CT

Body of CC

L SLF III & AF

R SLF III & AF

Fig. 2: White mater diffusion tensor tracts traversing reduced fractional anisotropy (FA) clusters. A = anterior; AF = arcuate fascicle;
CC = corpus callosum; CT = cerebellar tracts; HC = healthy controls; L = Left; MDD = major depressive disorder; P = posterior; R =
right; SLF = s uperior longitudinal fasciculus.
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the small sample size in the present study and the limited variability in the data, since some studies investigating white matter abnormalities in patients with MDD have provided evidence that decreased FA in the SLF and CC were associated
with the depressive symptoms14,39,44,64–66 and negatively cor
related with depression severity28,65,67,68 and illness duration.14,28
Moreover, patient characteristics of the included studies were
heterogeneous, which may result in the negative results. Supporting our hypothesis, a recent study showed specific abnormalities of the brain circuitry in patients with early- versus lateonset MDD, as demonstrated by distinct abnormal FA clusters
with opposite correlations with clinical symptoms.69

Fractional anisotropy reductions in the white matter
of the right cerebellum hemispheric lobule
The present meta-analysis revealed significantly decreased
FA in the white matter of the right cerebellum hemispheric
lobule in medication-free patients with MDD compared with
healthy controls. The cerebellar tracts traversing this cluster
mainly included the long afferent cortico–ponto–cerebellar
tract.70 As we know, MDD has traditionally been viewed as
an affective disorder characterized by strong feelings of sadness, guilt, worthlessness and hopelessness.13,15,25,43 Furthermore, studies have shown that MDD is associated with significant disturbances in cognitive functioning, including
executive functions, attention, memory and psychomotor
speed.13,30,43,71 Some investigations have provided evidence for
the hypothesis that the cerebellum is an essential node in the
distributed neural circuitry subserving cognitive and affective functions.72–74 Further, a range of remarkable tasks associated with cerebellar activation have been designed to assess
attention, executive control, language, working memory,
emotion and addiction, generating compelling support for
the view that the cerebro–cerebellar circuitry provides the
cerebellum with the anatomic substrate to influence the control of movement and cognition.75
Reviews regarding the functional role for the cerebellum indicated that an integrated model of neuropsychiatric disorders should include a role for the cerebellum and its relevant
neural connections.72,76 Disruption of the functional connections between the cerebellum and frontal lobes impairs expression of emotion.74 Studies reported that FA reductions in
the cerebellar hemisphere exhibited a positive correlation
with depression severity.24,77 In addition, significant FA differences in the white matter of the frontal lobe, limbic lobe and
cerebellum between patients with treatment-resistant depression (TRD) and controls suggest that abnormalities of cortical–
limbic–cerebellar white matter networks may contribute to
TRD in young patients.77 In sum, our finding of decreased FA
in the white matter of the right cerebellar hemispheric lobule
is supportive of implications that the cerebellum may play a
critical role in the neuropathology of MDD.

Fractional anisotropy reductions in the corpus callosum
The CC was found to have decreased FA in medication-free
patients with MDD compared with healthy controls in our

study, which is consistent with the findings of previous metaanalyses.11,32 The CC is the largest fibre bundle of the human
brain connecting the left and right cerebral hemispheres. The
genu of the CC connects the prefrontal and orbitofrontal regions, and the body connects precentral frontal regions and
parietal lobes.11 Numerous fMRI studies have revealed that
the frontal lobe is associated with motor, perceptual and cognitive functions.78–82 The CC modulates cognitive processes
and information transfer between hemispheres.83 One DTI
study demonstrated that abnormalities in the structural integrity of the anterior genu of the CC may contribute to impairment of interhemispheric connectivity in medication-naive
patients with MDD.84 Therefore, FA reductions in the genu
and body of the CC may indicate the functional impairment
of frontal lobe information transfer between hemispheres and
may be associated with impairment of working memory and
emotion processing in patients with MDD.83
A recent DTI study investigating the association between
catechol-O-methyltransferase gene polymorphisms and
white matter tract integrity in patients with MDD has found
that MDD may be associated with the dysfunctional white
matter changes in the CC, and the valine homozygote of
catechol-O-methyltransferase gene may enhance these pathological changes.85 Furthermore, studies by Guo and colleagues66,86 have demonstrated that abnormalities of white
matter tracts, mainly in the projection fibres and CC, may
contribute to the pathogenesis of treatment-responsive
MDD,66 and that abnormalities of white matter integrity of
neuronal tracts connecting 2 brain hemispheres may play a
key role in the pathogenesis of TRD.86 Therefore, decreased
FA in the CC observed in our meta-analysis may be diseaserelated and underlie the deficits in emotional modulation
and cognitive processing in patients with MDD.

Fractional anisotropy reductions in the bilateral SLF
The present meta-analysis identified significantly decreased
FA in the bilateral SLF III and the long segment of the AF in
medication-free patients with MDD compared with controls,
which is partially consistent with the previous meta-analysis
showing decreased FA in the left SLF.31 The possible connections between the supramarginal gyrus that receives information from the ventral precentral and the prefrontal gyrus via
the SLF III suggest that the SLF III may play a role in transferring somatosensory information, such as language articulation and working memory.62,87 By connecting the superior
temporal gyrus with the dorsal prefrontal cortex, the AF may
be viewed as an auditory spatial bundle providing a means
by which the prefrontal cortex can receive and modulate
audiospatial information.62,87
Psychomotor retardation, characterized by changes in
speech, motility and cognition, is common in individuals
with major depression.88 Furthermore, psychomotor retardation may worsen over the course of depression: Talarowska
and colleagues89 reported that the first-episode MDD group
recorded better results than the recurrent depressive disorders group with respect to the speed of information processing, visuospatial and auditory–verbal memory and executive
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functions, auditory–verbal immediate and delayed memory,
ability to learn and verbal fluency. The functions of the SLF
III and AF may help elucidate the correlations between FA
reductions in the SLF and functional impairments (e.g., deficient working memory, impaired maintenance of attention,
speech articulation and cognitive impairments).62,87,90,91 To
date, many DTI studies on patients with MDD have reported
that decreased FA in the SLF was associated with depressive
symptoms.39,64 For example, a recent study on medicationnaive individuals with a single short-duration episode of
MDD revealed lower FA in the right SLF within the frontal
lobe in the MDD group than in the healthy group.29 Furthermore, there is evidence that reduced white matter integrity in
the SLF and the body of the CC can predict future depressive
symptoms, suggesting disruption to white matter integrity
may be a biomarker to predict late-life depression.39 Therefore, our findings of decreased FA in the SLF are supportive
of implication of the SLF in the neuropathology of MDD.

Differential findings between the subgroup analyses
We conducted 2 subgroup analyses on the basis of medication
status. Consistent with the pooled meta-analysis, the subgroup meta-analysis of medication washout studies revealed
FA reductions in the right cerebellum hemispheric lobule,
body of the CC, and bilateral SLF, while the first-episode
medication-naive subgroup analysis identified FA reductions
in the genu of the CC, right SLF III and right anterior thalamic
projections. Patients with long disease duration are exposed
to chronic stress, which has been demonstrated to contribute
to frontostriatal degeneration and reductions in the length
and branch numbers of apical dendrites,92 and these changes
could in turn present with a relative increase in the FA.34,93
Without the confounding influences of illness duration and
previous antidepressant treatment, we suggest that FA reductions in the genu of the CC and right anterior thalamic projections are more likely to be directly associated with the disease.
Supporting our findings, some investigations have shown
that FA abnormalities in genu of the CC and anterior thalamic
projections might represent important markers of early-onset
depression.68,94 Hence, we hypothesize that the distinctions between our subgroup findings may be associated with the effects of long disease duration and previous antidepressant
treatment, which calls for further investigation.

Directions for future studies
Increasing evidence has shown that MDD-related FA
changes are correlated with particular biological and clinical
characteristics, such as gene regulation and suicidality. As for
gene regulation, some studies have reported its effects on
white matter FA in patients with MDD: an association between the catechol-O-methyltransferase gene Val158Met polymorphism and white matter abnormalities42,85 and a higher
remission rate in brain-derived neurotrophic factor (met) carriers than brain-derived neurotrophic factor (val/val) homozygotes.95 Furthermore, medication-free patients with MDD
who have a history of suicide attempts have exhibited signifi-
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cant white matter differences: decreased FA in the left anter
ior limb of the internal capsule,22 right lentiform nucleus22
and white matter adjacent to the right dorsomedial prefrontal
cortex27 in suicide attempters compared with nonattempters.
Aside from antidepressant medications, treatment for depression can involve nondrug therapies, such as electroconvulsive therapy (ECT),96,97 deep brain stimulation (DBS)98,99
and transcranial magnetic stimulation (TMS),100,101 which may
have effects on white matter. One study investigating young
patients with TRD showed increased FA in the left middle
frontal gyrus after high-frequency repetitive TMS.102 Moreover, a longitudinal DTI study of patients with depression
found a reduction of FA in the right frontal white matter and
genu of the CC 6 months after ECT treatment, and the values
returned to the pre-ECT values after 1 year.96 This is an interesting finding given evidence that ECT may mediate the
neuroplasticity of white matter microstructure in patients
with major depression.103 Furthermore, a recent review has
reported that although the mechanisms of its action are still
not completely understood, DBS for TRD has shown encouraging therapeutic effects, demonstrating significant and sustained improvements in depressive symptomatology, with
remission in a large percentage of cases.98 To our knowledge,
only a limited number of studies of nondrug therapies involving a small patient sample size have been conducted so
far.98 Future DTI studies on medication-free patients with
MDD may focus on the therapeutic effects of nondrug ther
apies, benefitting from homogeneous samples grouped by
the type of therapy as well as illness duration, drug status,
gene polymorphism and history of suicide attempts.

Limitations
As the present study used a relatively robust approach to
identify related studies, the results should be representative of
medication-free patients with MDD. However, the study still
has several limitations. First, the main meta-analysis included
primary studies enrolling medicated patients with MDD who
underwent a washout period before MRI scanning. Clearly,
the best way to minimize the effects of illness duration and
antidepressant treatment is to focus on medication-naive
patients; however, the size of our medication-naive subgroup
analysis is small, as direct study of unmedicated depressed is
associated with substantial practical and ethical problems,104
which limits the generalizability of the results. In addition,
we could not exclude the effects of nondrug therapies owing
to the lack of data. Once there are sufficient numbers of published DTI studies on medication-naive patients with first-
episode MDD without nondrug therapies, meta-analyses will
be needed to investigate the white matter abnormalities
directly associated with the disease. Second, the acquisition
parameters of raw diffusion data, patient characteristics and
clinical variables of the included studies were heterogeneous.
As the number of studies included in our meta-analysis was
small, we were not able to perform separate subgroup metaanalyses for clinical variables, such as illness duration and
depression severity, that would likely diversify the results.
Third, the voxel-wise meta-analysis was based on peak
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c oordinates and effect sizes from published studies rather
than raw statistical brain maps, and this approach may result
in less accurate results.46

Conclusion
The present meta-analysis revealed significant FA reductions in the white matter of the right cerebellum hemispheric
lobule, CC and bilateral SLF, which are involved in cog
nition, memory function and emotional processing, in
medication-free patients with MDD. The results of our subgroup analyses suggest that FA changes in the genu of the
CC, right SLF III and right anterior thalamic projections in
medication-naive patients with first-episode MDD may be
disease-related, which may help to parse out the effects of
long disease duration and previous antidepressant treatment. These findings may contribute to a better understanding of the underlying neuropathology of MDD. Given that
the pooled meta-analysis results were mainly affected by the
medication washout subgroup, which had a relatively large
sample size, and that the small medication-naive subgroup
contributed less to the analysis results, future studies with
much larger and homogeneous samples may be more robust
in delineating disease-related white matter abnormalities in
patients with MDD as well as the therapeutic effects of some
nondrug treatments.
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