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Abstract: Objective: A large number of studies with considerably variable methods have been performed to investigate brain regions involved in the pathophysiology of major depressive disorder. The
aim of this study was to use a quantitative meta-analytic technique to synthesise the results of much of
this research. Methods: Three separate quantitative meta-analytical studies were conducted using the
Activation Likelihood Estimation technique. Analysis was performed on three types of studies: (1)
those conducted at rest comparing brain activation in patients with depression and controls; (2) those
involving brain changes following antidepressant treatment; and (3) those comparing brain activation
patterns induced by the induction of positive or negative emotion in patients with depression compared with controls. Results: There appears to be a complex series of areas of the brain implicated in
the pathophysiology of depression although limited overlap was found across imaging paradigms.
This included a network of regions including frontal and temporal cortex as well as the insula and cerebellum that are hypoactive in depressed subjects and in which there is increase in activity with treatment. There was a corresponding set of subcortical and limbic regions in which opposite changes were
found. Conclusions: There is limited overlap between the brain regions identified using differing
imaging methods. The most consistently identified regions include areas of the anterior cingulate,
dorsolateral, medial and inferior prefrontal cortex, insula, superior temporal gyrus, basal ganglia and
cerebellum. Further research is required to identify if different imaging methods are identifying
complementary networks that are equally involved in the disorder. Hum Brain Mapp 29:683–695,
2008. V 2007 Wiley-Liss, Inc.
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INTRODUCTION
Major depressive disorder (MDD) is a disorder characterised by the recurrence of discrete depressive episodes
usually featuring symptoms such as low mood, anhedonia,
poor motivation, impaired psychomotor activity, reduced
sleep, appetite, energy and libido. Despite the progressive
development of new treatments for MDD, symptoms continue to have a considerable impact at the individual and
societal level. In addition, there remains the relative lack of
a complete and integrated understanding of the pathophysiology and aetiology of this important problem. Over
the last 10 years a large number of functional imaging
studies have been conducted in an attempt to help elucidate brain processes involved in MDD [for example, Bench
et al., 1992, 1993; Drevets, 2000; Mayberg et al., 2000].
These studies have applied a considerable variety of different experimental techniques to help explore differing
aspects of the disorder. There are a number of broad categories into which neuroimaging studies in depression may
be considered. These include studies conducted at rest
(usually of resting blood flow or metabolism), studies
examining changes in brain activity over time (usually in
response to a treatment intervention), studies examining
brain activity in response to a cognitive or emotional activation paradigm and studies using some form of physical
or physiological probe such as sleep deprivation or a pharmacological challenge.
Due to the diversity of these techniques and the large
number of studies that have been undertaken, it is difficult
to gain an integrated understanding of the information the
studies provide. In addition, even within each study category there is considerable variation in both the clinical
characterisation of patients and the imaging processes that
are used. Clinical factors of relevance include issues such
as age of illness onset, family history and the behavioural
definition of MDD [Drevets, 2001]. However, a number of
authors have drawn conclusions from reviewing individual studies and developed sophisticated models describing
the potential pathophysiology of depression [for example,
Drevets, 2001; Mayberg, 2003]. These models generally
involve networks of cortical and subcortical limbic regions
and studies have commonly described a divergence of the
direction of activity changes [Seminowicz et al., 2004].
More specifically, dorsal prefrontal regions are commonly
described as under-active with increases in activity of subgenual cingulate and subcortical regions.
In recent years, a technique has been developed to aid
in the understanding and integration of neuroimaging
results gathered across studies. This technique, known as
function–location meta-analysis, aims to determine the nature of consistent activity across experiments within a certain class of imaging studies [Fox et al., 1998]. The techniques involve searching for locations of functional agreement among statistically significant effects. The most
commonly applied of these methods is the activation likelihood estimation (ALE) technique [Turkeltaub et al., 2002].
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This technique involves the analysis of concordance
between studies by the modelling of each reported significant focus of activation as the centre of a Gaussian probability distribution [Turkeltaub et al., 2002]. Whole brain
statistical maps can be generated that estimate the likelihood of activation for each voxel across the entire set of
studies. This generates data with an estimate of the probability of the significance of these results, a considerable
advantage over traditional methods of tabulating and qualitatively comparing significant results. In recent years the
ALE technique has been applied in the study of a variety
of imaging areas such as of specific cognitive functions
[for example, Laird et al., 2005b; Owen et al., 2005; Price
et al., 2005] and illness states [for example, Brown et al.,
2005; Glahn et al., 2005]. However, to date this technique
has not been applied in the analysis of functional neuroimaging studies of MDD. The aim of this study, therefore,
was to quantitatively analyse neuroimaging studies in
MDD using the ALE technique. We hypothesised that the
quantification of the results of these studies would confirm
a pattern of dorsal prefrontal under-activity at rest and reciprocal over-activity in subcortical regions. We hypothesised that changes in the direction of ‘‘normalisation’’
would be found in these regions in treatment studies and
that abnormal response would be found in similar overlapping regions during induction paradigms.

METHODS
Literature Search
We conducted multiple Medline searches to initially
identify all imaging studies (Positron Emission Tomography (PET), functional magnetic resonance imaging (fMRI),
single photon emission computerised tomography
(SPECT)) including patients with depressive disorders
published until early 2006. The search included the Medical Subheadings (MeSH) term of MDD as well as the keywords of ‘‘depressive disorder,’’ ‘‘depression,’’ ‘‘imaging,’’
‘‘fMRI,’’ ‘‘PET’’ and ‘‘SPECT.’’ In addition, we searched the
reference list of identified articles and several reviews. We
excluded studies exclusively of patients with bipolar disorder. A total of 130 studies were initially identified by this
process. We attempted to identify multiple reports of single data sets to ensure the inclusion of only one report
from each individual study. We then individually screened
all the articles for the presence of Talairach or MNI coordinates and tabulated the studies into five groups: (1)
‘‘resting studies’’ (i.e. studies conducted at rest); (2)
‘‘emotion activation’’ studies (studies of the brain response
to stimuli designed to activate emotion related brain circuitry); (3) ‘‘cognitive induction’’ studies (studies using a
cognitive task); (4) ‘‘treatment studies’’ (i.e. change in brain
activity with treatment (pharmacological, ECT, psychotherapy or rTMS)) or (5) other studies, including tryptophan
depletion, sleep deprivation and vagal nerve stimulation
paradigms. The studies in each category were then
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analysed to establish whether there was a group or groups
of studies with similar methods that would be suitable for
meta-analysis. A large number of studies were excluded
due to the absence of coordinates or methods which did
not include specific comparisons relevant to these five categories. Where multiple studies were present from the
same authors, these were analysed to ascertain whether
they were of different samples and only included if this
appeared to be the case. Sufficient studies were identified
in categories 1, 2 and 4 or inclusion in the formal analysis.
Studies in category 3 were widely divergent in the cognitive tasks used for induction of brain activation and were
not considered sufficiently homogeneous for formal analysis. Although there is no absolute minimum number of
studies for ALE analysis, there was no more than two or
three studies with similar techniques and even the use of a
broader category such as ‘‘executive function’’ did not
result in a sufficient group for analysis. There was no homogenous group of studies with coordinates from category
5 that could be included.

Meta-Analysis Procedures
The techniques applied in this analysis have recently
been described in detail [Laird et al., 2005a; Turkeltaub
et al., 2002]. The procedure involves the modelling of all
reported loci of maximum activation as the peaks of a 3D
Gaussian probability. Only foci in the source papers
reported as significant at P < 0.05 were included. Any
coordinates analysed based on the MNI system were converted to Talairach space [Brett, 1999] and coordinates
reported in all the tables are in this space. The 3D Gaussian distributions are summed to produce a statistical map
that estimated the likelihood of activation for each voxel as
determined by all the studies in the analysis. The process
then uses standard thresholding techniques applied to this
map. We used a Gaussian filter of 12 mm full-width halfmaximum (FWHM) and a threshold for false discovery of
P < 0.05 (tested with a permutation test of 5,000 permutations). The test was corrected to multiple comparisons
using a false discovery rate (FDR) method [Laird et al.,
2005a]. All ALE data processing was performed using the
BrainMap Search and View software (http://brainmap.org). ALE results were overlaid onto an anatomical template generated by spatially normalizing the International
Consortium for Brain Mapping (ICBM) template to Talairach space [Kochunov et al., 2002]. A minimum cluster size
of 250 mm3 was applied. Locations of the voxels with peak
probabilities within clusters and the cluster sizes were
identified. To identify the anatomical location of the voxels
identified, these were manually determined by reference to
the Talairach and Tourneux stereotaxic neuroanatomical
atlas [Talairach and Tournoux, 1988] by two investigators
who separately identified all locations. Any discrepancy
was resolved by consensus discussion.
Following conduct of the meta-analyses, in an attempt to
identify overlapping regions across the analyses, we tabu-
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lated the findings (anatomical labels for the coordinates) in
the major brain regions. Where we identified a pattern of
common regions across study comparisons (for example,
regions increased at rest and decreased with treatment),
these were overlaid on a standard brain to visually identify actual overlap.

RESULTS
The review process revealed three potential groupings:
(1) studies conducted at rest, (2) studies of treatment with
a selective serotonin reuptake inhibitor (SSRI) (paroxetine,
citalopram or fluoxetine) antidepressant medication, (3)
studies utilising an emotional activation paradigm. For
group 1, studies were required to identify coordinates for
a comparison between blood flow/activation at rest
between a group of currently depressed subjects and a
health control group. We found nine studies reporting a
decrease in activity in patients and seven studies reporting
an increase. For group 2, we identified nine papers reporting an increase in activation and nine papers reporting
areas of decreased activation with SSRI treatment between
two scanning time points (Table I). There were a smaller
number of studies in group 3 and with more divergent
methods reported. All the studies were required to use a
method to induce ‘‘positive’’ or ‘‘happy’’ emotion or ‘‘sad’’
or ‘‘negative’’ emotion. Methods used to do this included
the presentation of pictures, scripts of autobiographical
memory, words and faces.

Resting Studies
In the nine papers reporting coordinates showing a
decrease in activation in depressed subjects compared with
controls, there was a total of 14 comparisons considered
eligible for inclusion. These contained a total of 55 foci.
There were seven papers with eight comparisons and 25
foci demonstrating areas of increased activation in patients
compared with controls. The results for these studies are
presented in Table II. A total of eight areas were identified
where there was decreased activation in patients compared
with controls. These included the pregenual anterior and
posterior cingulate, bilateral middle frontal gyri, insula
and left superior temporal gyrus. Areas identified as
‘‘overactive’’ in patients included a series of deeper brain
structures (e.g., thalamus, caudate, medial and inferior
frontal gyri) as well as cortical structures including the left
superior frontal and right middle frontal gyri.

Treatment Studies
In regards to treatment studies, we identified nine
papers (with 11 experiments and 78 foci) reporting areas
of decreased activation following treatment and nine
papers with 11 experiments and 68 foci for increased activation with treatment (Table III). Increased activation was
found in bilateral middle frontal gyri, cingulate cortex
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TABLE I. Included studies
Number
in analysis

Author
Resting studies
Bench et al., 1992
Bonte et al., 2001
Drevets et al., 1992
Ito et al., 1996
Kimbrell et al., 2002
Oda et al., 2003
Brody et al., 2001
Skaf et al., 2002
Kennedy et al., 2001
MacHale et al., 2000
Videbech et al., 2001
Perico et al., 2005
Treatment studies
Mayberg et al., 1999
Mayberg et al., 2000
Mayberg et al., 2002
Kennedy et al., 2001
Goldapple et al., 2004
Smith et al., 1999
Smith et al., 2002
Brody et al., 1999
Brody et al., 2001
Vlassenko et al., 2004
Emotional activation studies
Canli et al., 2004
Gotlib et al., 2005

Imaging
method

Contrast

33/23
21/18
23/33
11/9
38/37
23/25
24p/16c
9/12
13/24
12/15
42/47
15/15

PET
PET
PET
PET
PET
SPECT
PET
SPECT
PET
SPECT
PET
SPECT

Patients versus controls
Patients (children, ages 11–18) versus controls
Patients (currently and remitted) versus controls
Patients versus controls
Patients versus controls
Patients (with or without hyper-intensities) versus controls
Patients versus controls
Psychotic patients versus controls
Patients versus controls
Patients versus controls
Patients versus controls
Patients versus controls

8
10
4
13
13
6
6
9
10
19

PET
PET
PET
PET
PET
PET
PET
PET
PET
SPECT

Fluoxetine treatment
Fluoxetine treatment
Fluoxetine responders
Paroxetine treatment
Paroxetine treatment
Paroxetine treatment
Citalopram treatment
Paroxetine treatment
Paroxetine treatment
Fluoxetine, paroxetine or amesergide treatment

15/15
18/18

fMRI
fMRI

12/12

fMRI

Kumari et al., 2003

6/6

fMRI

Lawrence et al., 2004

9/11

fMRI

Surguladze et al., 2005

16/14

fMRI

Response to happy and sad words (patients versus controls)
Response to sad or happy compared with
neutral faces (patients versus controls)
Response to concurrent happy or sad memory prompts
and facial expression (patients versus controls)
Response to positive negative picture caption pairs
compared with neutral (patients versus controls)
Response to happy and sad facial expressions
of differing intensity (patients versus controls)
Response to happy and sad, compared with neutral,
facial expressions (patients versus controls)

Keedwell et al., 2005

(dorsal and posterior), putamen as well as several other
cortical regions. Decreased activation was found in a series
of deeper structures (insula, putamen, parahippocampal
gyrus (PHG), hippocampus) as well as in pre and subgenual anterior cingulate, inferior medial prefrontal cortex
and left superior frontal gyrus.

Emotional Activation Studies
These analyses were considerably smaller. In regards to
studies using happy or positive stimuli, there were six
papers reporting decreased activation in patients (seven
experiments, 25 foci) and three papers reporting three
experiments showing increased activation (14 foci) (Table
IV). The studies using happy stimuli showed decreased
activation in the depressed patients in a large cluster in
the posterior cerebellum, in a left orbital-frontal region, in
pregenual and posterior cingulate and in both medial and
lateral temporal regions including the PHG. Increased activation in patients was seen in subgenual (and posterior)
cingulate and a number of medial, inferior and lateral
frontal regions.

r

For studies using sad or negative stimuli, there were
five papers reporting decreased activation in patients (six
experiments, 15 foci) and five papers reporting increased
activation (five experiments, 16 foci). Decreased activation
in patients was found in pregenual/dorsal and posterior
cingulate, a number of lateral frontal regions as well as
cerebellum, insula and superior temporal gyrus. Increased
activation was found in a number of temporal and parietal
cortical regions, lateral frontal regions, posterior cingulate,
amygdala, putamen and cerebellum.

Overlapping Regions
The major areas identified in each analysis are presented
in Table V and a comparison of the areas of activation is
presented in Figure 1. In Figure 2, we have presented the
overlap between two sets of comparisons where there
appeared to be a pattern of overlap in the results from the
data in Table V. The first includes the following:
Decreased activation in patients at rest, increased activation in patients with treatment and decreased activation in
patients compared with controls with sad stimuli. This
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TABLE II. Results of resting study analysis
Region

Hemisphere

BA

Volume (mm3)

L
L
R
L
R
L
L
L

38
9
9
24
32
32
30

504
648
1,104
2,544
872
896
2,352
768

!38.45
!35.96
30.36
!5.29
0.59
!14.97
!37.1
!28.58

3.49
19.91
47.92
28.67
48.03
20.98
!11.75
!67.02

!16.53
32.36
34.15
12.72
3.5
38.02
7.3
16.55

0.0043
0.0049
0.0049
0.0082
0.0060
0.0057
0.0066
0.0048

L
L
L
R
R

47
10
10
10
10

288
272
272
256
312

!17.68
!6.95
!31.1
25
39.08

7.91
54.83
60.16
59
36.85

!14.14
6.1
7.16
3
14.04

0.0038
0.0037
0.0037
0.0036
0.0037

R
R

17

336
312

8.32
29.86

!93.52
!10.83

!3.75
!12.86

0.0038
0.0038

L
R

336
264

!11.12
4

!54.47
!36

!11
!16

0.0036
0.0038

R
L
L
R
L

3,064
336
304
264
336

18.4
!13.04
!5.05
13.21
!14.91

!13.35
!21.95
!7.05
!3.09
3.91

1.59
8.12
1.91
12.78
13.79

0.0059
0.0038
0.0037
0.0037
0.0038

Areas of decreased activation in patients
Frontal
Superior temporal gyrus
Middle frontal gyrus
Middle frontal gyrus
Pregenual anterior cingulate
Pregenual anterior cingulate
Dorsal cingulate gyrus
Claustrum/insula
Posterior cingulate
Areas of increased activation in patients
Frontal
Inferior frontal gyrus
Medial frontal gyrus
Superior frontal gyrus
Superior frontal gyrus
Middle frontal gyrus
Other cortical
Occipital lobe – Lingual gyrus
Anterior hippocampus/amygdala
Cerebellum
Anterior lobe
Anterior lobe
Subcortical
Thalamus – Ventral posterior medial nucleus
Thalamus – Pulvinar
Thalamus
Thalamus
Caudate body

Weighted center (x,y,z)

Max ALE value

TABLE III. Results of treatment studies (pre and post SSRI treatment comparisons)
Region

BA

Volume (mm3)

L
R
L
R
L

8/9
46
47
24
4

4,400
3,032
960
3,960
752

!35.42
41.32
!34.79
22.73
!49.09

13.26
23.73
30.24
8.47
!11.44

33.83
21.09
2.79
32.85
25.09

0.0099
0.0086
0.0054
0.0079
0.0048

L
R
R

40
23
40

3,912
3,664
1,808

!42.19
2.72
40.82

!43.56
!28.77
!33.09

33.07
23.68
33

0.0123
0.0107
0.0092

792
472

2.92
20

!28.03
1.21

!15.58
13.3

0.0060
0.0048

Hemisphere

Areas of increased activation following treatment
Frontal
Middle frontal gyrus
Middle frontal gyrus
Inferior frontal gyrus
Dorsal anterior cingulate gyrus
Precentral gyrus
Temporal ! Parietal
Supramarginal gyrus
Posterior cingulated
Inferior parietal lobe
Subcortical
Midbrain
Putamen
Areas of decreased activation following treatment
Frontal
Middle frontal gyrus
Superior frontal gyrus
Medial frontal gyrus/gyrus rectus
Subgenual anterior cingulate/fornix
Pregenual anterior cingulate
Medial temporal
Parahippocampal gyrus
Parahippocampal gyrus
Hippocampus
Insula
Subcortical
Putamen
Putamen

R
R

Weighted center (x,y,z)

Max ALE value

L
L
R
R
R

10
9
11/32
25
24

816
496
280
3,560
1,128

!12.49
!22.09
5.9
2.56
6.79

45.56
33.89
24.32
!1.72
38.41

2.06
34.05
!10.87
0.08
4.77

0.0069
0.0052
0.0044
0.0090
0.0061

R
L
R
R

28
35

1,224
800
368
11,960

23.48
!19.14
28.29
32.69

!18.23
!18
!27.88
1.19

!18.37
!14.06
!6.9
8.04

0.0076
0.0068
0.0051
0.0130

2,472
2,120

!27.42
!20.01

!2.73
18.04

7.53
4.53

0.0115
0.0076

13
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TABLE IV. Results of the analysis of emotional activation studies
Region

Hemisphere

BA

Areas of decreased activation in patients when exposed to ‘‘positive’’ stimuli
Frontal
Posterior orbital gyrus
L
11/44
Pregenual anterior cingulated
L
24/32
Other cortical
Medial-posterior parahippocampal gyrus
R
36
Inferior temporal gyrus
R
20
Fusiform gyrus
R
19
Posterior cingulate gyrus (lateral)
L
31
Cerebellum
Posterior lobe
L
Subcortical
Putamen
R
Areas of increased activation in patients when exposed to ‘‘positive’’ stimuli
Frontal
Superior frontal gyrus
R
8
Middle frontal gyrus
R
8
Medial frontal gyrus
R
10
Inferior frontal gyrus
R
47
Anterior cingulate (subgenual)
R
25
Gyrus rectus
R
11
Inferior frontal gyrus
L
11/47
Inferior frontal gyrus
L
44
Anterior cingulate (subgenual)
L
32
Precentral gyrus
L
6
Other
Lingual gyrus
R
18
Posterior cingulate gyrus
R
23
Areas of decreased activation in patients when exposed to ‘‘negative’’ stimuli
Frontal
Superior frontal gyrus
R
11
Inferior frontal gyrus
R
45
Inferior frontal gyrus
R
45
Anterior cingulate gyrus (pregenual/dorsal)
R
24/32
Anterior cingulate gyrus (dorsal)
R
24/32
Middle frontal gyrus
L
8
Middle frontal gyrus
L
8
Middle frontal gyrus
L
46
Temporal
Middle temporal gyrus
R
21
Superior temporal gyrus
L
22
Posterior Cingulate
L
31
Cerebellum
Posterior lobe
R
Anterior lobe
R
Insula
L
13
Areas of increased activation in patients when exposed to ‘‘negative’’ stimuli
Frontal
Inferior frontal gyrus
R
45
Middle frontal gyrus
R
6
Inferior frontal gyrus
L
11
Temporal
Superior temporal gyrus
R
41/42
Superior temporal gyrus
R
22
Fusiform gyrus
R
37
Inferior temporal gyrus
L
20
Parietal
Superior parietal gyrus
L
7
Inferior parietal lobule
R
40
Inferior parietal lobule
L
40
Angular gyrus
L
39
Posterior cingulate gyrus
L
31
Subcortical
Putamen
L
Amygdala/uncus
L
24/38
Cerebellum
Posterior lobe
R

Volume (mm3)

Weighted center (x,y,z)

Max ALE value

872
304

!21.76
!8.14

11.42
37.95

!14.27
0.95

0.0040
0.0038

280
256
256
256

1.82
57.28
34.32
!25.84

!36.99
!5.4
!70.32
!37.11

3.1
!30.24
!12.76
35.84

0.0037
0.0037
0.0038
0.0038

1568

!24.11

!79.44

!19.68

0.0044

280

22.11

10.8

!2.2

0.0038

360
408
520
512
1632
424
1152
440
392
496

0.94
37.71
9.85
22.87
2.62
20.26
!31.37
!46
!8.06
!41.1

32.97
19.46
51.36
9.71
15.17
27.9
41.46
6.92
30.91
!1.68

51.65
53.17
4.05
!20.37
!3.42
!11.94
!9.06
20.18
!6.84
44.13

0.0036
0.0038
0.0038
0.0038
0.0050
0.0038
0.0038
0.0038
0.0037
0.0038

464
464

13.83
1.38

!81.85
!27

!14.03
30.05

0.0038
0.0037

448
384
568
512
464
456
400
336

11.12
47.07
54.36
13.82
15.65
!24.89
!43.97
!40.25

48.22
25.9
17.95
31.11
17.58
31.04
11.87
42.96

!11.91
13.23
1.1
14.93
28.76
42.36
28
0.96

0.0038
0.0037
0.0037
0.0037
0.0038
0.0037
0.0038
0.0037

512
400
408

45.85
!54.5
!4.1

!2.77
5.33
!64.14

!18.05
0.88
15.83

0.0038
0.0037
0.0038

416
416
408

4.13
1.87
!36.07

!74.97
!41.09
7.05

!20.06
!17.44
3.5

0.0038
0.0038
0.0038

376
352
408

45.06
42.04
!13.91

25.09
3.88
14.97

18.12
42.45
!19.53

0.0037
0.0038
0.0037

1344
448
320
384

53.33
47.02
34.12
!45.82

!20.97
3.14
!40.52
!30.96

14.97
1.16
!15.87
!10.1

0.0044
0.0036
0.0038
0.0038

448
304
424
392
392

!19
44.66
!51.62
!43.05
!1.9

!57
!30.08
!54.76
!64
!31.96

47
36.01
47.2
22.84
39.09

0.0036
0.0038
0.0038
0.0037
0.0038

392
424

!24.63
!24.67

3.88
0.35

!2.21
!23.4

0.0038
0.0038

336

28.88

!58.83

!17.79

0.0037
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revealed areas of limited overlap between decreased activation at rest and increased activation with treatment and
between increased activation with treatment and decreased
activation with sad stimuli but no areas of overlap
between all three comparisons. The second comparison
was between the following: Increased activation in patients
at rest, decreased activation in patients with treatment and
increased activation in patients compared with controls
with sad stimuli. There was overlap between the first two
study groups but not the other possible combinations.

DISCUSSION
The aim of this study was to quantitatively analyse the
results of a large number of neuroimaging studies performed in the investigation of the pathophysiology of
MDD. Our findings suggest that despite the complexity
and diversity of the imaging methods studied, there
appears to be a pattern of distributed brain regions
involved in the pathophysiology of this illness that may be
identified and characterised with these techniques. However, as there was quite limited overlap between the areas
found across imaging methods, it is critical to acknowledge that the pathophysiology as potentially identified
with these techniques appears complex and not reducible
to simple models or understandable with single imaging
methods. Depression appears to involve a considerable
number of diverse cortical and subcortical brain regions
and there are significant differences in the way in which
differing regions are abnormally active in the disorder and

r

differences both between and within regions identifiable
with differing methods of study.
Although there is considerable complexity in the regions
identified in this analysis, a number of interesting patterns
may be tentatively identified that support the notion that
MDD involves a series of specific related networks [Mayberg, 1997]. The first of these involves a series of regions
including the dorsal/pregenual anterior cingulate, bilateral
middle frontal gyrus (dorsolateral prefrontal cortex
(DLPFC)), insula and the superior temporal gyrus (Table
V). These regions appear to be characterised by decreased
activity in resting studies, a relative lack of activation during induction of negative affect and an increase in activation with SSRI treatment. Although many of these findings
have also been reported in individual studies, some inconsistently reported effects, for example the increase in
DLPFC activity with treatment [for example, reported in
Mayberg et al., 2000, but not in Davies et al., 2003], appear
to be significant based on our analysis of pooled results.
Although some studies in the literature have suggested lateralised differences, for example, left DLPFC hypoactivity
[Bench et al., 1992], and most of the findings of reduced
activity in depressed subjects at rest are left sided, no clear
laterality is apparent across the other comparisons and
study types. Interestingly, the exception to the left predominance of findings in the resting studies is the finding
of bilateral hypoactivity in DLPFC. By contrast, changes
seen with treatment are much less consistently lateralised
and there is no clearly lateralised pattern of difference in
response to negative emotion induction.

TABLE V. Summary of the major areas of activation
Comparison
Resting studies

Direction of effect
Decreased in patients

Cingulate cortical
regions

Other frontal
regions

Pregenual
Dorsal

Bilateral MFG

Increased in patients
Treatment studies

Induction of
positive affect

Increased with treatment

Dorsal
Posterior

Bilateral SFG
L medial and inferior FG
R MFG
Bilateral MFG
L IFG

Decreased with treatment

Pregenual
Subgenual

L MFG and SFG
R medial and inferior

Decreased in patients

Pregenual
Posterior
Subgenual
Posterior

L orbitofrontal

Increased in patients
Induction of
negative affect

Decreased in patients

Pregenual/dorsal
Posterior

Increased in patients

Posterior

r
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R medial
Bilateral inferior
Lateral (R > L)
Bilateral MFG
R IFG
R SFG
Bilateral IFG
R MFG

r

Other regions identified
Insula
STG
Thalamus
Caudate
Anterior cerebellum
Putamen
Midbrain
Parietal and precentral
Insula
Putamen
Hippocampus/
parahippocampal gyrus
Medial and lateral temporal
Posterior cerebellum
Lingual gyrus
Precentral gyrus
Insula
Superior temporal gyrus
Anterior and posterior cerebellum
Lateral temporal cortex
Parietal cortex
Amygdala, putamen
Posterior cerebellum

r
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Figure 1.
Demonstration of the areas of significant differences across the z ¼ +9). (c) Increased (red) and decreased (blue) activation in
four analyses. (a) Decreased (blue) and increased (red) activa- depressed patients compared with controls in response to happy
tion in depressed patients at rest compared with controls (x ¼ stimuli (x ¼ 0, z ¼ +9). (d) Decreased (blue) and increased
0, z ¼ +9). (b) Increased activation (red) and decreased activa- (red) activation in depressed patients compared with controls in
tion (blue) with SSRI treatment in depressed patients (x ¼ !10, response to sad stimuli (x ¼ 0, z ¼ +1). Images are neurological.
It has been proposed that the involvement of dorsal
frontal regions in depression is closely related to the cognitive symptoms of the disorder [Dolan et al., 1993]. Indeed,
in controls, these regions are activated by tasks such as
working memory, word generation and planning that have

r

been shown to be performed more poorly in depressed
subjects [for example, Fincham et al., 2002; Rajah and
D’Esposito, 2005] and studies using some of these tasks
report under-activation of DLPFC in depressed subjects
[for example, Elliott et al., 1997; Okada et al., 2003]. Due to
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Figure 2.
Demonstration of the areas of overlap between analyses. (b) Increased activation in patients at rest (red); decreased acti(a) Decreased activation in patients at rest (red); increased acti- vation in patients with treatment (blue); increased activation in
vation in patients with treatment (blue); decreased activation in patients compared with controls with sad stimuli (green); overpatients compared with controls with sad stimuli (green); over- lap between increased activation at rest and decreased activation
lap between decreased activation at rest and increased activation with treatment (yellow). There were no areas of overlap
with treatment (yellow); overlap between increased activation between increased activation with treatment and decreased actiwith treatment and decreased activation with sad stimuli (pink). vation with sad stimuli, decreased at rest and decreased with
There were no areas of overlap between decreased at rest and sad stimuli or for the three comparisons.
decreased with sad stimuli or for the three comparisons.

the lack of studies using consistent methods, it was not
possible to conduct a qualitative analysis of cognitive activation studies to confirm this observation. Importantly,
dorsal frontal regions were also under-active in patients
during the induction of negative affect. Dorsal prefrontal
cortex, especially the medial component of BA9, has been
found to be activated in response to emotional stimuli in
normal controls by both positive and negative emotional
stimuli [Lane et al., 1997a,b]. This region may be involved
in the modulation of emotional responses [Drevets, 1999],
suggesting that dysfunction of this region will produce
heightened or abnormal physiological and or psychological
responses to stressful stimuli. Our finding of a failure of
patients to normally activate this area in response to negative emotional stimuli would be consistent with the interpretation that dysfunction of this area contributes to an
abnormal appraisal and response to negative stimuli possibly leading to secondary effects in other brain regions
including increased activation in cortical-limbic circuitry.
It is in cortical-limbic regions that the second most
obvious network identified across these analyses was

r

found involving regions including medial and inferior frontal cortex and the basal ganglia (caudate or putamen). These
areas appear to be relatively consistently overactive at rest,
overactive during induction of negative affect and display a
reduction in activity with SSRI treatment. Additional regions
identified in some but not all of these analyses included the
amygdala and thalamus. This pattern of baseline and
change related activation appears consistent with the previously proposed involvement of limbic-thalamo-cortical circuits in depression [Drevets, 1998]. This series of connected
limbic components appears to be clearly hyperactive in the
depressed state and hyperresponsive to the induction of
both negative and positive emotion. There is also a complementary finding that some orbitofrontal and temporal cortical regions fail to activate normally in depressed subjects in
response to positive emotional stimuli. Collectively, this
implies that a substantive dysfunction of the circuitry
involved in emotional control and regulation is at least in
part modifiable with successful antidepressant therapy.
Another important region identified in this analysis is
the subgenual anterior cingulate cortex. We identified this
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region as showing a decrease in activity with SSRI treatment and there were differences in response activation in
this region with positive stimuli in patients. We did not,
however, identify an increase in activity in this area at
rest. Individual studies have reported a decrease in activity
in this site [Drevets et al., 1997] that may be partially
explained by reduced volume of this site: this effect of volume could easily confound analyses evaluating the degree
of resting change across studies. Activity relative to volume may actually be increased [Drevets, 1999; Drevets
et al., 1998], which would be consistent with our finding of
an overall reduction in activity with SSRI treatment.
Whilst there has been a considerable focus on frontal
and subcortical regions in depression, we identified the
involvement of a number of parietal and temporal regions
as well as the posterior cingulate and cerebellum. In
regards to the posterior cingulate, we found differences in
response to both positive and negative emotional stimuli
(both increased and decreased activation was identified) as
well as an increase in activity with SSRI treatment.
Although not commonly highlighted in the imaging literature on depression, involvement of this region is not surprising given that there is a direct connection between
ventral posterior cingulate and subgenual anterior cingulate as well as a link to medial orbitofrontal cortex [Vogt
et al., 2006] and that it is activated by emotional stimuli
[George et al., 1995; Vogt et al., 2003]. It has been proposed
that this region of the posterior cingulate is involved in
self-assessment, in particular the assessment of emotional
content (in collaboration with subgenual anterior cingulate)
arising from inputs from the ventral visual stream [Vogt
et al., 2006]. Abnormal functioning of a region involved in
self monitoring could be consistent with the apparently
contradictory findings of both increased and decreased
activation with positive and negative affect. This could
also be consistent with a ‘‘normalising’’ increase in abnormally reduced activation with SSRI treatment.
Cerebellar regions were also identified in a number of
analyses. There was an increase in resting anterior cerebellar activity as well as abnormal responses in cerebellar
activation to both positive and negative affect. The cerebellum is now recognised as being connected to both cortical
and limbic brain regions important for mood regulation
[Schmahmann and Pandya, 1997] and probably plays an
important role in the perception of emotional stimuli
[Bermpohl et al., 2006]. Studies suggest that the cerebellum
is differentially activated by positive emotion, at least in
males, [Canli et al., 2004; Habel et al., 2005] and we found
a reduction in normal posterior cerebellar activation in the
depressed group. However, other studies have reported
changes in cerebellar responsively to negative stimuli, suggesting that the dysfunction in this region in not valence
specific, as is supported by our analysis.
The study also produced an interesting, if tentative,
finding in regards to medial temporal lobe (MTL) structures and their interconnections arising from analysis of
the emotional activation studies. In particular, the induc-
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tion of negative affect resulted in increased MTL activation
whilst the opposite (positive affect induction) resulted in
decreased MTL activation when compared with controls.
The MTL (especially the PHG) has substantial connections
to several regions also identified in the analyses. The PHG
is the major inflow tract to the hippocampus which is
widely identified in structural imaging studies as being
reduced in volume in depression [Campbell and Macqueen, 2004; Sheline et al., 2002]. In addition, one of the
major input pathways to the PHG arises in the inferior parietal lobe [Clower et al., 2001; Ding et al., 2000; Gaffan
and Hornak, 1997], especially in the angular gyrus, an area
where we found increased activation in response to negative stimuli. The MTL is also reciprocally connected to the
claustrum [Crick and Koch, 2005] which lies anatomically
adjacent to the insula which was also identified as abnormally active in a number of these analyses. It is possible
that disruption of this circuitry may well underlie, or be a
consequence, of altered appraisal of the emotional content
of visual stimuli. This inference may be drawn from studies of visual neglect, which has been identified as arising
from damage to angular gyrus and its connections to the
PHG [Mort et al., 2003]. Similar pathways may be involved
in this condition to those that are affected in the disruption
of emotional experience in depression. Indirect support for
this is also provided by the observation that unilateral caloric vestibular stimulation, which is known to transiently
reverse neglect [Bottini et al., 2005; Cappa et al., 1987] by
the activation of structures in the contralateral hemisphere
including those in the circuits described [Fasold et al.,
2002; Suzuki et al., 2001], may also have mood altering
properties in patients with clinical mood disorder
[Dodson, 2004].
Although there was some consistency in the identification of the regions discussed on purely an anatomical descriptive level, as is apparent from Figure 2, there were
few regions identified ‘‘in common’’ between the study
types. This is even the case within specific regions: for
example, the dorsal anterior cingulate region identified as
‘‘under-active’’ at rest appears not to be exactly the same
as the area in which treatment results in increased activity
(Fig. 1). It is possible that this results from methodological
issues: however, it is not clear why there would be a systematic difference between study types where consistent
overlapping activation is found within study groups as
reflected as the significant areas of the activation in each
separate analysis. Alternatively, these intra-regional variations truly reflect differences in the involvement of subregions in the illness and the process through which these
regions are activated. For example, this seems quite reasonable when we consider the involvement of regions
imaged at rest and with emotional activation. Pathophysiological disruption of a broad cortical region, for example,
dorsal cingulate, may be differently apparent depending
on the scanning paradigm and the local circuitry evoked
by this. However, currently our understanding of the complexity of interregional physiology may be insufficient to
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allow us to fully explain why some regions may show
both increases and decreases in activation, for example in
the right middle frontal gyrus in the studies conducted at
rest. Finally, although it is not apparent from us on inspection of the inclusion criteria of the studies, it is possible
that there are substantial differences in the types of
patients selected into different types of studies which may
underlie some of these differences.
There are a number of limitations to be considered in
interpretation of these results. The most significant of these
is in the nature of the studies that were available to be
included in the analysis. Achieving a sufficiently homogenous sample of studies for each analysis required the
exclusion of many studies in each category. For example,
in the area of treatment studies, we thought it was necessary to limit the studies to a single therapeutic paradigm
to constrain potential heterogeneity resulting from the
impacts of different treatments as diverse as psychotherapy and ECT, on brain activation patterns. For the analysis
of emotional induction, it was necessary to include studies
using a variety of methods to induce positive and negative
affect due to the limited research that has been carried out
in this area. As such, the possibility that heterogenous
methods of mood induction alter activity in divergent
brain regions cannot be ruled out. Consequently, these
results should be treated as relatively preliminary. In contrast, compromises were also required in studies included
in the analyses to ensure a sufficient sample of studies.
The most obvious of these was the inclusion of a study in
an adolescent population in the analysis of studies conducted at rest [Bonte et al., 2001]. This raises concerns
about the appropriateness of the comparability of data
across age groups and methodological issues related to
scan normalisation although the authors seem to have normalised to the standard adult template. In addition, there
is considerable variability in the quality of the primary
data. For example, in the methods within studies for dealing with multiple comparisons and variability in the clinical definitions; these issues are likely to be reflected in the
final quality of the analyses. However, despite the small
number of studies and these other issues, the analyses
clearly identified significant ALE clusters; these were plausible and broadly consistent with proposed regions of
involvement in depressive disorders and there was overlap
between identified regions across paradigms. Finally, we
have no capacity to judge whether the results are affected
by unpublished papers (the ‘‘file drawer problem’’). However, there is less apparent motivation for the nonpublication of studies that fail to show a specific activation pattern than may be the motivation for the nonpublication of
negative treatment studies, and differences in the methods
for function/location meta-analyses protect these studies
from some of the methodological issues found with standard clinical trial/effect size meta-analysis studies [Fox
et al., 1998].
In conclusion, the study has identified a complex network of brain regions involved in the pathophysiology of
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MDD. First, there appears to be a network involving the
dorsal/pregenual anterior cingulate, bilateral middle frontal gyrus, insula and the superior temporal gyrus where
there is decreased activity at rest which is increased with
SSRI treatment and a relative lack of activation during
induction of negative affect. In contrast, the medial and inferior frontal cortex and the basal ganglia (caudate or
putamen) as well as potentially the amygdala and thalamus are overactive at rest, overactive during induction of
negative affect and display a reduction in activity with
SSRI treatment. In addition, depression seems to involve
posterior cingulate, medial temporal lobe and the cerebellum. Further research is required to try and untangle the
role of these regions and networks, in particular to try and
delineate the brain areas involved in the primary pathophysiological change and areas in which changes may be
secondary.
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