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Abstract: Objective: Several neuroimaging meta-analyses have summarized structural brain changes in
major depression using coordinate-based methods. These methods might be biased toward brain
regions where significant differences were found in the original studies. In this study, a novel voxel-
based technique is implemented that estimates and meta-analyses between-group differences in grey
matter from individual MRI studies, which are then applied to the study of major depression. Meth-
ods: A systematic review and meta-analysis of voxel-based morphometry studies were conducted com-
paring participants with major depression and healthy controls by using statistical parametric maps.
Summary effect sizes were computed correcting for multiple comparisons at the voxel level. Publica-
tion bias and heterogeneity were also estimated and the excess of heterogeneity was investigated with
metaregression analyses. Results: Patients with major depression were characterized by diffuse bilat-
eral grey matter loss in ventrolateral and ventromedial frontal systems extending into temporal gyri
compared to healthy controls. Grey matter reduction was also detected in the right parahippocampal
and fusiform gyri, hippocampus, and bilateral thalamus. Other areas included parietal lobes and cere-
bellum. There was no evidence of statistically significant publication bias or heterogeneity. Conclusions:
The novel computational meta-analytic approach used in this study identified extensive grey matter
loss in key brain regions implicated in emotion generation and regulation. Results are not biased
toward the findings of the original studies because they include all available imaging data, irrespective
of statistically significant regions, resulting in enhanced detection of additional areas of grey matter
loss. Hum Brain Mapp 37:1393–1404, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Understanding brain circuitry underlying affective
regulation is a research priority and a necessary step to
unravel brain pathology in depression and to precisely
guide treatment. Major depression has an estimated life
prevalence in high income countries of 15% [Bromet
et al., 2011], and is the largest contributor to number of
years lived with a disability worldwide [World Health
Organization, 2002]. Despite these statistics, there has
been little change in diagnosis, treatment, and disease
outcome over the past two decades [Insel, 2012].
Undoubtedly, the complexity of brain circuitry poses a
considerable obstacle to progress [Kapur et al., 2012],
often complicated by the clinical and biological hetero-
geneity of depression and the inconsistency of research
methodology. Voxel-based morphometry (VBM) and
region-of-interest (ROI) magnetic resonance imaging
(MRI) have revealed a pattern of morphometric brain
changes in depression that point toward specific brain
circuitry implicated in affective regulation [Wise et al.,
2014]. Key nodes involved in affective regulation, in
which morphometric reductions have been described,
include medial prefrontal areas such as the anterior
cingulate cortex, orbitofrontal cortex, and also dorsolat-
eral prefrontal regions, ventral striatum (caudate and

putamen), middle temporal regions and limbic struc-
tures such as the amygdala, and hippocampus/parahip-
pocampal gyrus [Arnone et al., 2012a; Frodl et al., 2008;
Wise et al., 2014]. A major challenge in neuroimaging
research has been the definition of valid and generalizable
brain maps of abnormal affective circuitry that survive
individual study variability. This process has benefited
from meta-analyses that summarize structural brain
changes in major depression across several datasets using
ROI approaches and VBM coordinate-based methods
[Arnone et al., 2012a; Bora et al., 2012; Lai, 2013]. These
techniques are undoubtedly valid and do not require indi-
vidual patient data, but their findings are often biased
toward brain regions in which significant differences were
reported in the original studies, for example, the anterior
cingulate cortex in recent VBM meta-analyses by Lai,
Bora, and others [Bora et al., 2012; Lai, 2013]. To circum-
vent this limitation, here we implement a novel meta-
analysis technique that includes all of the between-group
imaging data from each VBM study. In this study, we
applied our novel meta-analytic method to the investiga-
tion of structural MRI changes in major depression. In
keeping with current models of affective circuitry [Wise
et al., 2014], we predicted that we would find widespread
neuroanatomical abnormalities in top–down regulatory
systems such as the prefrontal cortex, but also
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abnormalities in key areas involved in bottom–up process-
ing of emotional information, such as the limbic system.

METHODS

Search Strategy and Inclusion/Exclusion Criteria

Studies were identified by conducting comprehensive
literature searches using the following keywords:
“Depression,” “Affective disorders,” “Bipolar disorder,”
and “MRI” or “voxel-based morphometry (VBM).” Data-
bases, which included “EMBASE, OVID, and PubMed,”
were searched until early 2012. Inclusion/exclusion crite-
ria were operationalized and the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [Moher et al., 2009] were followed
in this meta-analysis. Studies were included if they used
VBM to compare current or remitted moderate to severe
major depression vs. healthy controls, provided demo-
graphic and clinical information, used comparable criteria
for diagnosis according to the Diagnostic and Statistical
Manual of Mental Disorders [American Psychiatric Asso-
ciation, 2000] or with the International Classification of
Disease [Sartorius et al., 1993] and assessment of severity,
and were published in English. Effort was made to mini-
mize heterogeneity by excluding treatment resistant ill-
ness, studies in children and adolescents, Axis I
comorbidity, and studies that specifically investigated
depression with geriatric onset. In case of multiple
articles from the same research group which included
overlapping samples, the most recent study with the
overall largest number of participants was selected. As
there is no VBM optimal approach, all methods were
included.

Image Processing and Statistical Analysis

As previously described by Selvaraj et al. [2012], each T-
map was inspected for position and alignment in Montreal
Neurological Institute (MNI) space using SPM12 (http://
www.fil.ion.ucl.ac.uk/spm/software/spm12/). Subse-
quently, T-maps header files and published results were
scrutinized in relation to identified T-maps and were
resampled into 2-mm isotropic voxels using seventh
degree sinc-interpolation for the same bounding boxes and
data types (SPM12). In Matlab (version 8.3.0.532; The
MathWorks Inc., Natick, MA, USA), Cohen’s d (an effect
size measure for a t-test on means) was calculated voxel-
by-voxel for each of the T-maps [Cooper and Hedges,
1994; Egger et al., 1997; Sutton et al., 2002]:

di5ti

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
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r
;

where n1 is the number of depressed subjects and n2 is the
number of healthy subjects for the respective ith study’s

T-map, ti is the t-value from each study T-map, and di is
Cohen’s d for each voxel in the study’s T-map.

Next, we calculated d�
FE, the overall estimate of pooled

effect (fixed effects) on a voxel-wise basis, given by the fol-
lowing two equations; the variance of d, var dið Þ, is shown
separately for clarity:
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, where k is the number of studies (T-maps).
Next, we calculated Q, the heterogeneity test statistic,

for example, the reciprocal of the sum of the between- and
within-study variances:
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The weight attached to a particular study was given by:

wi5
1

var dið Þ
;

Using Der Simonian and Laird random-effects models
[Cooper and Hedges, 1994; Egger et al., 1997; Sutton et al.,
2002], s2, the estimated component of variance due to
interstudy variation in effect size was given by

s25
Q2 k21ð ÞX
wi2

X
w2

iX
wi

" # if Q > k21;

and s25 0 if Q� k 2 1; then the adjusted weights, wi
0, for

each of the studies:

wi
05

1

var dið Þ1s2
;

the pooled effect size, dRE, (random effects):

dRE5

X
w0idiX
w0i

;

the standard error, SE dREð Þ:

SE dREð Þ5 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
w0i

q ;

and the overall effect size, Z-image, by
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Z5
dRE

SE dREð Þ ;

Finally, in addition to a Z-image, the algorithm gener-
ated summary images for the standard error of the
pooled effect size (SEdRE), the pooled effect size (dRE), the
heterogeneity test statistic (Q) image, individual standard
error (SEi), and effect size (di) images for each study.

Correction for multiple comparisons at voxel level was
implemented with random field theory [Worsley and Fris-
ton, 1995], using the Oxford Center for Functional MRI of
the Brain (FMRIB) Software Library (FSL) toolbox, version
5.0.1 (Oxford, UK). FSLs “smoothest” tool was used to esti-
mate the smoothness of the Z-image, giving “full-width at
half-maximum” of x 5 17.4, y 5 20.0, z 5 18.6 (mm) smooth-

ness, and FSL’s “ptoz” was used to give a p-corrected 5 0.05
equivalent Z-threshold of Z 5 4.01, for our Z-image at voxel
level (equivalent uncorrected p< 0.00003).

A custom Matlab script was used to prepare the voxel-
corrected data for use with the MNI Space utility (MSU),
which was used to report localization of voxels in terms of
MNI anatomical region labels. Additionally, localization
was performed with FSL’s probabilistic “atlasquery,”
using the Harvard–Oxford Cortical and Subcortical Struc-
tural Atlases.

Publication and reporting bias, which describes the
usual tendency of small studies to report large effect sizes,
was examined using Egger’s test [Egger et al., 1997] with a
significance level of p< 0.05. Meta regressions were run
using the “rma” function from the “metaphor” package in

TABLE I.

Study Year
MDD/HC

(N)
Age

(Mean)
Sex

M/F

Age
onset

(Years) State
Scanner
(Tesla)

GM
type Analysis Outcome

Abe et al. 2010 21/42 48.1 11/10 42.1 Current
Remitted

1.5 Volume SPM5 #GMV
R: PHG/H/ACC/sTG
L: PL/OL
R/L: mFG

Amico et al. 2011 33/64 32 19/14 28.7 Current 1.5 Volume SPM5 #GMV
L: dmPFC/ACC
R: C

Arnone et al. 2013 39/66 36.3 12/27 22 Current 1.5 Volume SPM8 #GMV
R/L: H

Cheng et al. 2010 68/68 29.91 21/47 28.94 Current 1.5 Volume SPM5 #GMV
R: SMA

Colloby et al. 2011 38/30 74.1 11/27 51.8 Current
Remitted

3 Volume SPM8 No difference

Kim et al. 2008 22/25 38.5 0/22 NS Current 1.5 Volume SPM2 #GMV
R/L: T, C

Koolschijn et al. 2010 28/38 64.04 0/28 33.04 Current 1.5 Density ANIMAL No difference
Lee et al. 2011 47/51 46 5/42 NS Current 1.5 Density SPM2 #GMD

R/L: H/FG/A/LG/Ins/
sTG/T/CG/Cer

Perico et al. 2011 20/94 29.9 5/15 NS Current 1.5 Volume SPM2 #GMV
R/L: dLPFC

Salvadore et al. 2011 58/107 38.8 37/21 NS Current 3 Volume SPM5 #GMV
L: iFG
R: mFG/sFG

Van Tol et al. 2010 68/65 37.16 24/44 25.62 Current
Remitted

3 Volume SPM5 #GMV
R/L: rdACC
R: iFC

Wagner et al. 2011 30/30 37.6 5/25 31.6 Current 1.5 Density SPM2 #GMD
R/L: C/sC/H/A
L: sFG/OF
R: iFG

Studies included in the meta-analysis. GMV/GMD, grey matter volume/density; C, caudate nucleus; PHG, parahippocampal gyrus; H,
hippocampus; A, amygdala; ACC, anterior cingulate cortex; rdACC, rostro-dorsal ACC; CG, cingulate gyrus; Cer, cerebellum; sC, sub-
genual cortex; MB, midbrain; iFC, inferior frontal cortex; dmPFC, dorso-medial prefrontal cortex; dLPFC, dorso-lateral prefrontal cortex;
Ins, Insula; iFG, inferior frontal gyrus; FG, fusiform gyrus; mFG, middle frontal gyrus; sFG, superior frontal gyrus; iFG, inferior frontal
gyrus; sTG, superior temporal gyrus; PL, parietal lobe, LG, lingual gyrus; OL, occipital lobe; SMA, supplementary motor area; T,
thalamus.
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R. Random/mixed-effects models were fitted using the
DerSimonian–Laird estimator. Power calculations, calcu-
lated using G*Power [Faul et al., 2007, 2009], are shown in
Table II. We give the estimated sample size N to achieve
the given effect size (dRE, pooled effect size), at a power
of 80%, and an alpha of a 5 0.05. To detect all the effects
shown in our results, a sample size for the whole group of
approximately n 5 120 would be required.

RESULTS

Systematic Search

Searches identified over 4500 studies, of which 180 VBM
reports were examined in detail. Forty-two articles that
investigated major depression were further selected for
close examination, of which 19 met the inclusion criteria
listed above. Details of excluded studies are provided in

the Supplementary Table. After contacting the authors, t-
maps were obtained from 12 studies [Abe et al., 2010;
Amico et al., 2011; Arnone et al., 2013; Cheng et al., 2010;
Colloby et al., 2011; De Azevedo-Marques P�erico et al.,
2011; Kim et al., 2008; Koolschijn et al., 2010; Lee et al.,
2011; Salvadore et al., 2011; Van Tol et al., 2010; Wagner
et al., 2011] (63%), and were included in the meta-analysis
(Table I). It was not possible to obtain t-maps for the other
7 studies [Bergouignan et al., 2009; Leung et al., 2009; Li
et al., 2010; Mak et al., 2009; Peng et al., 2011; Treadway
et al., 2009; Vasic et al., 2008]. A total number of 472
patients and 680 controls were included. The majority of
patients were currently depressed at the time of scanning.
The mean age was 43 years, 29% of participants were
men, the mean duration of illness was around 8.5 years
and 56% of patients received treatment with psychotropic
medication at the time of scanning. Scanner strength
included 1.5 and 3 T (Table I).

TABLE II.

MNI coordinates
Maxima Z Q I2 mm3

dRE/estimated

sample size Region

14 272 224
22 270 214

4.69
4.39

9.52
10.83

0.00
0.00

632 0.293/86 Right: cerebellum, fusiform gyrus, lingual
gyrus, declive, Brodmann area 19

34 212 238 4.26 7.25 0.00 80 0.266/106 Right: fusiform gyrus, parahippocampal
gyrus, uncus, Brodmann area 20

64 228 222 4.41 10.03 0.00 160 0.276/98 Right: inferior temporal gyrus, middle tempo-
ral gyrus, Brodmann area 20

20 240 212
26 234 220

4.44
4.36

10.77
10.56

0.00
0.00

232 0.277/97 Right: fusiform gyrus, parahippocampal
gyrus, hippocampus, Brodmann area 36

24 8 220 4.25 13.55 0.19 24 0.299/82 Right: frontal orbital cortex, amygdala, infe-
rior frontal gyrus, Brodmann area 47

26 36 210 4.13 11.70 0.06 16 0.267/105 Left: paracingulate gyrus, anterior cingulate,
medial frontal cortex, Brodmann area 32

34 24 22 4.25 11.05 0.00 80 0.266/106 Right: insular cortex, orbital frontal cortex,
inferior frontal gyrus

42 10 22 4.11 12.10 0.09 24 0.271/101 Right: insula, Brodmann area 13

22 28 2 4.19 15.50 0.29 40 0.317/52 Right & left: thalamus

234 16 4 4.25 9.80 0.00 80 0.265/106 Left: insula, frontal operculum

50 216 10
52 212 8

4.39
4.27

5.76
11.58

0.00
0.05

104 0.274/99 Right: transverse temporal gyrus, superior
temporal gyrus, precentral gyrus, central
opercular cortex, Heschl’s gyrus (includes
H1 and H2), planum temporale, planum
polare, Brodmann areas 13, 22, 41

212 272 32 4.03 10.90 0.00 8 0.252/118 Left: cuneus, Brodmann area 7

Results from the Montreal Neurological Institute (MNI) Space Utility. Anatomical regions are given in the right-hand column with rele-
vant Brodmann Areas shown when indicated. The Z-image was thresholded at equivalent p< 0.05 corrected. Q is the heterogeneity test
statistic used in the analysis and I2 is the measure of the magnitude of heterogeneity calculated using the formula (Q 2 df)/Q. Pooled
effect size (random effect) is given by “dRE”. Sample size is the estimated sample size N to achieve the given effect size at a power of
80%, and an alpha of a 5 0.05, two-tailed. To detect the effects given here, a sample size of approximately n 5 120 would be required.
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Grey Matter Differences in Major Depression vs

Healthy Controls

The analysis indicated several clusters of grey matter
reduction in major depression vs. healthy controls (Table
I). The area maxima (Z-peak 5 4.69; 14, 72, 224 and Z-
peak5 4.39; 22, 270, 214) was located in the right hemi-
sphere and incorporated the fusiform gyrus, lingual gyrus,
Broadmann area 19, declive and cerebellum. The Forest
plot for the summary effect size in the right inferior tem-
poral gyrus (Broadmann area 20) with both random and
fixed effect models (Figure 1) suggested a summary effect
size of 20.29 (CI: 20.42, 20.17) with absence of heteroge-
neity in the analysis (I2 5 0%, p 5 0.57). This was confirmed
by calculating Q-statistics after rendering the images in
standard brain template at p-uncorrected <0.05 (I2 5 0%,
Table II). Metaregression analyses of well-represented
demographic and clinical variables which included age,
sex, duration of depressive episode, severity of illness
(expressed as Hamilton Depression Rating Scale equiva-
lent) [Heo et al., 2007], and % of medicated patients did
not produce significant results (all p’s> 0.05). Linear
regression test of funnel plot asymmetry suggested no evi-
dence of publication bias (t 5 21.49, p 5 0.17). Figure 2
shows the Z-image of significant clusters with crosshairs
in the peak voxel. Table II and Figure 3 describe in detail
the regions of grey matter detected by the analyses in
major depression vs. healthy controls. In brief areas of
grey matter loss included bilateral ventro-medial and
ventro-lateral regions of the prefrontal cortex involved in
regulating executive functions and emotional behaviors
[Wise et al., 2014] incorporating dorsolateral prefrontal

Figure 1.

Forrest plot for the summary effect size in the right inferior temporal gyrus (Brodmann area 20)

(x 5 64, y 5 228, z 5 222 MNI). TE: weighted mean difference for each study; seTE: TE stand-

ard error; CI 5 confidence interval W: study weight.

Figure 2.

Red areas denote regions where less grey matter was measured

in the largest cluster in subjects with depression than in control

participants, with a threshold at Z> 4.01. The cross-hairs are in

the area maxima located in the right lingual gyrus, Z 5 4.39,

Montreal Neurological Institute (MNI) coordinates x 5 22,

y 5 270, z 5 214. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

r Arnone et al. r

r 1398 r

http://wileyonlinelibrary.com


cortex, orbitofrontal cortex (BA 11), the “pars orbitalis” of
the inferior frontal cortex (BA 47), and the anterior cingu-
late cortex (including BA 24 and 32). The analysis also
demonstrated bilateral grey matter loss in superior, mid-
dle, and inferior temporal gyri, uncus, further extending
into medial temporal areas to include the insula (BA 13),
projecting into limbic structures which included the right
hippocampus, parahippocampal, and fusiform gyri. Fur-
thermore, grey matter loss was detected in the thalamus
incorporating the medial dorsal component known to relay
inputs from the amygdala to the prefrontal cortex [Phillips
et al., 2008]. Other areas included integrative pathways in
parietal regions involved in the processing of sensory per-
ception (e.g., inferior parietal lobule) and coordination cen-
ters in the cerebellum.

DISCUSSION

The novel computational meta-analytic approach used
in this study identified grey matter loss in key brain

regions implicated in emotion generation and regulation.
This is the first time this approach has been applied to

VBM studies in major depression. The major advantage of
this technique is that results are not biased toward

findings of the original studies because they include all
available imaging data and not only those regions that
were reported as statistically significant. Hence, this tech-

nique should increase sensitivity to detect additional areas
of grey matter loss. Consistent with previous meta-

analyses, morphometric reductions were detected in the
anterior cingulate cortex [Bora et al., 2012; Du et al., 2012;

Lai, 2013], medial frontal cortex, and inferior frontal gyri
[Du et al., 2012], dorsal anterior cingulate cortex [Bora

et al., 2012], hippocampus [Du et al., 2012], and thalamus
[Du et al., 2012].

Importantly, additional areas of grey matter loss were
localized bilaterally in frontal areas, including both ventro-
lateral and ventro-medial systems involved in top-down
coordination of higher functions including the modulation
of emotional behaviors [Wise et al., 2014]. Grey matter loss

Figure 3.

Red areas denote further regions where less grey matter was

measured in subjects with depression than in control participants

as illustrated in Table II. See Table I for a detailed description.

Cross-hairs are placed on the following brain regions: (A) right

fusiform gyrus (x 5 34, y 5 212, z 5 238); (B) right inferior tem-

poral gyrus (x 5 64, y 5 228, z 5 222); (C) right fusiform gyrus

(x 5 20, y 5 240, z 5 212); (D) right parahippocampal gyrus

(x 5 26, y 5 234, z 5 220); (E) right inferior frontal gyrus

(x 5 24, y 5 8, z 5 220); (F) left medial frontal gyrus (x 5 26,

y 5 36, z 5 210); (G) right insula (x 5 34, y 5 24, z 5 22); (H)

left thalamus (x 5 22, y 5 28, z 5 2); (I) left insula (x 5 34,

y 5 24, z 5 22); (J) right superior temporal gyrus (x 5 50,

y 5 216, z 5 10); (K) right superior temporal gyrus (x 5 52,

y 5 212, z 5 8); (L) left cuneus (x 5 212, y 5 272, z 5 32).

[Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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in the medial system included medial prefrontal cortex,
orbitofrontal, and anterior cingulate cortices involved in
integrating information between lateral and ventromedial
prefrontal areas and in engaging subcortical structures
responsible for regulating emotions including thalamus,
parahippocampal gyrus/fusiform gyrus, hippocampus,
amygdala, and dorsal striatum. Further grey matter loss
was also identified in temporal regions involved in the
integration of cognitive information. These regions include
the superior, middle and inferior temporal gyri (BAs 22,
21, 20, 28, 35, 36 and 42), posterior inferior temporal gyrus
(BA 37), insula (BA 13), known to interface neocortex with
extended limbic regions such as parahippocampus, fusi-
form gyrus, and hippocampus, also shown to be morpho-
metrically reduced in this meta-analysis.

Evidence of volumetric reduction in the prefrontal cor-
tex was initially described in postmortem studies indicat-
ing a reduction in number and size of neurons and glia in
the subgenual anterior cingulate cortex (sgACC, BA25)
[Ong€ur et al., 1998], orbitofrontal and dorsolateral [Raj-
kowska et al., 1999] prefrontal cortices. Structural MRI
studies have consistently reported volumetric reduction in
the same regions in vivo [Arnone et al., 2012a; Koolschijn
et al., 2009]. The sgACC is an integral component of a met-
abolically coherent, anatomically interconnected, affective
circuit described by Mayberg and others as the “anterior
compartment” which also includes the amygdala and the
anterior insula [Mayberg et al., 1999]. Baseline increased
metabolic activity in the sgACC in depression has often
been reported to “normalize” following successful
response to treatment [Mayberg et al., 2000]. In contrast,
baseline hypoactivation in this region has been shown to
predict treatment refractoriness [Mayberg et al., 1997]. The
sgACC is a central node for deep neurosurgical stimula-
tion for the treatment of depression that is refractory to
treatment [Berlim et al., 2014; Mayberg et al., 2005]. The
insula is a functional node responsible for the integration
of sensory (somatic, visceral, autonomic) and motor infor-
mation via the thalamus and basal ganglia, believed to be
central to self-awareness and homeostatic control [Singer
et al., 2009]. It is also becoming increasing evident that this
structure, and particularly its anterior portion, is of para-
mount importance in integrating social, affective, and
motivational behavior to generate integrated “affective
states” and guide individuals in decision-making behav-
iors central to social interactions [Singer et al., 2009]. More
recently, differential baseline metabolic activity in the
insula has been shown to predict treatment response in
depression with hypermetabolism being associated with
remission following treatment with the antidepressant
escitalopram and hypometabolism associated with remis-
sion after cognitive behavior therapy [McGrath et al.,
2013]. This finding complements elevated metabolism in
depression in limbic regions, for example, amygdala at
baseline in response to negative emotional stimuli [Arnone
et al., 2012b; Drevets et al., 2002] with normalization of

aberrant neural responses following clinical improvement
and pharmacological treatment [Arnone et al., 2012b; Fu
et al., 2007].

This work indicates the presence of morphometric tha-
lamic reduction in unipolar major depression which com-
plements previous findings of neuroanatomical, functional,
and metabolic abnormalities demonstrated in this region
[Anand et al., 2005; Drevets et al., 1992; Greicius et al.,
2007; Nugent et al., 2013; Young et al., 2004]. As a compo-
nent of the limbic–cortical–striatial–pallidal–thalamic net-
work [Drevets et al., 2008; Sheline, 2000], the thalamus is a
complex sensory information node constituted by many
nuclei [Nugent et al., 2013]. Further work is necessary to
better understand how structural and functional abnormal-
ities in the nuclear components of this node affect mood
regulation [Nugent et al., 2013].

Our finding of grey matter loss in hippocampus and
parahippocampal gyrus is consistent with Du et al.’s
[2012] results and represents the most frequently repli-
cated morphometric abnormality in major depression
[Arnone et al., 2012a; Koolschijn et al., 2009; Schmaal et al.,
2015]. Postmortem studies in depression often attribute the
volumetric loss measured in the hippocampus to signifi-
cant structural reorganization resulting in neuropil reduc-
tion and decreased soma size of pyramidal neurons
[Arnone et al., 2012a; Koolschijn et al., 2009; Stockmeier
et al., 2004] likely to be mediated by changes in brain-
derived neurotrophic factor and glucocorticoids, precipi-
tated by stress and reversed by antidepressants via com-
plex signal transduction pathways [Duman, 2004]. There is
evidence that prenatal stress and childhood maltreatment is
associated with hippocampal volume reduction as well as
an abnormally developing HPA system [Frodl and
O’Keane, 2013] and findings in first episode patients might
indicate that some brain structural changes may already be
present before the onset of the disease [Frodl et al., 2002].

Grey matter loss in depression in temporal grey matter
structures involved in language generation and compre-
hension is a novel finding. The inferior temporal gyrus is
in close proximity of the hippocampus and parahippocam-
pal gyrus and is posited to be involved in working mem-
ory [Yoo et al., 2004]. The middle temporal gyrus is
involved in deductive reasoning [Goel et al., 1998], while
the right superior temporal sulcus has been shown to play
a pivotal role in the generation of affective prosody [Wild-
gruber et al., 2005]. Hence, the involvement of temporal
regions in depression is not entirely surprising considering
that complex cognitive tasks of emotional significance
often require language and prosody. Furthermore, in the
context of complex cognitive processes (e.g., reasoning),
associative cortical integration occurs between temporal
regions and networks in the frontal cortex (e.g., dorsolat-
eral and orbital frontal cortices and cingulate gyrus) partic-
ipating in top–down and bottom–up circuitries which also
include thalamus and the insula involved in multisensory
emotion recognition and processing [Adolphs, 2002; Fusar-
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Poli et al., 2009; Goel et al., 1998; Phillips et al., 2008; Wild-
gruber et al., 2005; Yoo et al., 2004]. High-baseline meta-
bolic activity has recently been shown in the pulvinar, a
large nucleus of the thalamus, which shares connections
with the insula and dorsal anterior cingulate cortex and
plays a role in the processing of emotional attention and
awareness [Hamilton et al., 2012]. Functional MRI studies
have demonstrated increased neural activity at rest in the
thalamus and also in the subgenual cingulate cortex [Grei-
cius et al., 2007]. Functional abnormalities at rest might be
explained by lowered structural network connectivity in
fronto-limbic and default network nodes resulting in
desynchronization of integrative mood circuits [Korgaon-
kar et al., 2014], topological reorganization of functional
connectivity leading to increased activity at rest in limbic
and medial frontal regions and reduced nodal centralities
in occipital, parietal, orbitofrontal, and temporal regions
[Zhang et al., 2011]. Other brain regions where grey matter
loss was detected in this meta-analysis included the infe-
rior parietal lobule and the cerebellum. Parietal associative
areas are involved in the processing and integration of
sensory signals [Adolphs, 2002; Zhang et al., 2011] and
have generally been understudied in depression [Arnone
et al., 2012a]. The declive is an area of the cerebellum
shown to be active in the processing of face emotions
[Fusar-Poli et al., 2009]. The finding of bilateral morpho-
metric reduction in this region in this work supports its
involvement in emotion regulation in keeping with the
known extensive connectivity of the cerebellum with lim-
bic and cortical associative areas [Fusar-Poli et al., 2009].
We also measured grey matter reduction in the culmen in
the anterior vermis or the cerebellum, where decreased
resting-state neural activity has been demonstrated in
major depression, particularly enhanced in case of treat-
ment refractoriness [Guo et al., 2012].

Taken altogether the above findings suggest a multire-
gional pattern of morphometric grey matter reduction in
depression consistent with the brain regions described in
current depression models. These models propose that
behavioral and cognitive manifestations of depression gen-
erally result from increased activity in limbic regions coex-
isting with decreased activity in cortical regions [Phillips
et al., 2008; Mayberg, 2009]. Findings also suggest that
refinement of these models might in the future expand to
include more brain areas in cortical and subcortical net-
works. While research studies designed to compare major
depression with other psychiatric conditions are required to
evaluate cross-diagnostic specificity [Arnone et al., 2009],
more controlled experiments are needed to refine our
understanding of the contribution of predisposing factors,
effect of treatment, compensatory mechanisms, and multi-
ple episodes of illness on brain morphology and function.

We should note that selective reporting is an important
limitation of this work, intrinsic to the technique adopted,
which is entirely reliant on obtaining available brain maps.
Thus, a bias due to small studies cannot be definitively
excluded, although Cohen’s d correction for small sample

size was used in the analyses and publication bias was not
detected. Importantly, both random and fixed effect mod-
els did not show significant levels of heterogeneity, and
none of the metaregressions we conducted was significant.
Given the manifest clinical and causal heterogeneity of
depression [Levinson et al., 2014; Ripke et al., 2013], and
the effects of gene–environment effects on brain structure
[Rabl et al., 2014], this result is somewhat surprising.
While tests of heterogeneity are often of low power, the
exclusion of treatment-refractoriness in our inclusion crite-
ria may have reduced this heterogeneity. Also, although
meta-analyses can test for between-study heterogeneity,
their ability to detect or resolve causal heterogeneity at the
level of individuals is limited. In order to address this
issue, individual patient data are needed in large imaging
samples preferably with a longitudinal design. There is
paucity of such studies in the literature although these are
preferable to identify the time of grey matter loss in rela-
tion to insurgence of symptoms, treatment, and clinical
response [Arnone et al., 2013; Frodl et al., 2008].

In addition to previous meta-analyses which used activa-
tion likelihood estimation, and consistent with ROI meta-
analyses in depression, this study supports widespread
grey matter loss affecting a range of cortical and subcortical
areas, some of which were not clearly associated with uni-
polar depression. The involvement and the role of some of
these structures in depression would benefit from replica-
tion and further clarification in future studies. Complemen-
tary imaging approaches might be best suited to model
structure and function of complex brain circuits.

CONCLUSION

In conclusion, this work provides further evidence for
the presence of diffuse morphometric abnormalities in uni-
polar depression affecting ventrolateral and ventromedial
prefrontal areas, temporal regions, and limbic systems
involved in top–down and bottom–up regulation of emo-
tional behaviors.
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