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The high comorbidity of obsessive–compulsive disorder (OCD) with
major depressive disorder (MDD) suggests common neurobiological
substrates. We assessed the contribution of lifetime MDD to brain
structural alterations in OCD using magnetic resonance imaging. OCD
patients with (n=33) or without (n=39) lifetime MDD, and 72 control
subjects were assessed. Comparative region of interest (ROI) analyses
assessed the contribution of lifetime MDD to gray matter volume
alterations in OCD patients. Interregional correlations of gray matter
volume were also examined and voxelwise analyses were performed to
identify alterations in other brain regions. OCD patients with lifetime
MDD showed a larger reduction of medial orbitofrontal cortex
(mOFC) gray matter volume. Both OCD groups showed distinct
correlations of mOFC gray matter volume with other relevant brain
regions. For patients with MDD, this involved the medial frontal gyrus,
and right insula and amygdala regions, whereas for those OCD
patients without MDD, the rostral anterior cingulate cortex was
involved. Our findings support existing evidence suggesting a non-
specific involvement of mOFC alterations in a range of neuropsychia-
tric disorders. Nevertheless, volume reduction in this region, together
with an abnormal pattern of interregional correlations with other
emotion-relevant brain areas, may contribute to explain the diathesis
for MDD comorbidity in OCD.
© 2007 Elsevier Inc. All rights reserved.

Introduction

The prevalence of depressive symptoms in patients with
obsessive–compulsive disorder (OCD) has been estimated in one
to two thirds of all cases (Pigott et al., 1994) and, consequently,
major depressive disorder (MDD) is often considered to be the

major psychiatric comorbidity in OCD (Rasmussen and Eisen,
1992). Although such a high-rate of comorbidity in OCD has been
linked to known clinical factors such as greater age, the severity
and chronicity of OC symptoms or poor treatment response and
outcome (Perugi et al., 1997), very little is currently known as to
the underlying pathophysiological mechanisms of depressive
episodes suffered by OCD patients.

From a neurobiological perspective, one obvious question
regarding the depressive comorbidity of OCD patients is whether
it may share similar pathophysiological features to that
implicated in MDD alone (Saxena et al., 2001). Although
existing data are limited, early work using positron emission
tomography (PET) suggested that there might be certain
pathophysiological correlates common to unipolar depression,
bipolar depression and OCD patients with comorbid MDD
(Baxter et al., 1989). Specifically, Baxter and colleagues reported
a generalized reduction in the resting-state metabolism of the
dorsolateral prefrontal cortex. More recently, this group has
reported a pattern of reduced metabolic activity in the left
hippocampal region common to MDD patients and patients with
concurrent OCD and MDD, but not OCD patients alone (Saxena
et al., 2001). Thus, such findings suggest that there may be some
common pathophysiological alterations associated with depres-
sive susceptibility in these subgroups, irrespective of patients’
primary clinical diagnoses.

In a recent magnetic resonance imaging (MRI) study carried out
by our group, we characterized a pattern of brain structural
alterations in a large series of OCD patients involving significant
reductions of gray matter volume in the medial frontal gyrus
(MdFG), the medial orbitofrontal cortex (mOFC) and the left insulo-
opercular region, together with relative volume increases in the
ventral striatum and anterior cerebellum (Pujol et al., 2004). In this
particular study, no relationship was found between brain alterations
in OCD patients and the severity of depressive symptomatology at
the time of scanning, assessed by total Hamilton Depression Rating
Scale score (HAM-D) (Hamilton, 1960), although we did not
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specifically study the association between patients’ history of
lifetime depression and brain volumetric measurements.

Current epidemiological and clinical evidence suggests that
OCD and MDD appear to co-occur in three major comorbidity
patterns: (i) where OCD occurs first; (ii) where there is a
concurrent onset of both OC and MDD symptoms; and (iii) where
depression precedes the onset of OC symptoms (Demal et al.,
1993). Thus, it is possible that our previous assessment of OCD
patients’ depressive symptom severity using HAM-D scores may
have failed to represent the actual incidence of MDD comorbidity.
Therefore, in the current study, we conducted a region-of-interest
(ROI) analysis to test the extent to which lifetime history of MDD
may contribute to the previously described structural alterations in
OCD (Pujol et al., 2004). We also extended our assessment by
performing exploratory voxelwise analyses to investigate a
possible association of MDD comorbidity with alterations in other
brain areas and networks outside these regions.

Methods

Subjects

Seventy-two patients with OCD (32 women; mean±SD age of
29.8±10.5 years; range 18–60 years) and 72 control subjects (32
women, 30.1±10.2 years, range 18–57 years), corresponding to
the sample previously described (Pujol et al., 2004), were assessed
in this study. Patients and control subjects were equivalent in the
demographic variables of age, sex, and handedness (11 left-handed
subjects per group) assessed by the Edinburgh Handedness
Inventory (Oldfield, 1971; see Table 1).

The OCD group consisted of community outpatients con-
secutively recruited to our research program according to DSM-
IV criteria for OCD and the absence of relevant medical,
neurological and other major psychiatric diseases. Comorbid
anxious and depressive symptoms were not considered as an
exclusion criterion, provided that OCD was the principal clinical
diagnosis (i.e., the main reason, at time of inclusion, to seek
medical assistance). No patient met criteria for Tourette’s
syndrome or showed psychoactive drug abuse during a period
of 12 months or longer. Patient diagnosis was independently
confirmed by two senior psychiatrists using the Structured
Clinical Interview for DSM-IV Axis I Disorders (SCID-I)
Clinician Version (First et al., 1997). Control subjects of similar
sociodemographic background also underwent a detailed assess-
ment of their family and medical history and a structured
psychiatric interview to exclude psychiatric disorders using the
guidelines of Shtasel et al. (1991).

Patient OC symptomatology at the time of scanning was rated
using the Yale–Brown Obsessive–Compulsive Scale (YBOCS) and
a clinician-rated YBOCS symptom checklist (Goodman et al.,
1989). Lifetime depressive symptoms were also determined with
the SCID-I Clinical Version (First et al., 1997). Twenty-six patients
showed past history of major depressive disorder (MDD), and in
nine of them MDD preceded the onset of OCD. In addition, seven
OCD patients without a significant past history of MDD fulfilled
criteria for a major depressive episode at the time of scanning. A
total of 33 OCD patients were considered in the OCD with MDD
group and 39 OCD patients without lifetime MDD were included
in the OCD without MDD group (OCD alone). After complete
description of the study to the subjects, written informed consent
was obtained.

MRI acquisition and processing

A 60-slice 3-D spoiled gradient-recalled T1-weighted MRI was
acquired for each subject in the sagittal plane using a 1.5-Tesla
scanner (Signa, GE Medical Systems, Milwaukee, WI). Acquisi-
tion parameters were: TR 40 ms, TE 4 ms, pulse angle 30°, field of
view 26 cm, matrix size 256×192 pixels, and section thickness
between 2.4 and 2.6 mm. Total acquisition time was 8 min and
13 s. Post-acquisition data were transferred to a Microsoft
Windows platform running MATLAB version 6.5 (The Math-
Works Inc, Natick, MA) and Statistical Parametric Mapping
software (SPM99; The Wellcome Department of Imaging Neu-
roscience, London, England).

Following visual inspection of the MRI volumes for potential
incidental findings or image artifacts, data were prepared for
analysis using the optimized preprocessing strategy proposed by
Good et al. (2001). Informed by our previous results (Pujol et al.,
2004), this procedure was focused on subjects’ gray matter
volumes, and involved several automated processes, including (i)
the creation of a gray matter study-specific template with the brain
images of all the subjects (patients and controls) included in the
study; (ii) segmentation of whole-brain native space images into
gray matter, white matter and cerebrospinal fluid (CSF); (iii)
optimal normalization (with linear and non-linear deformations) of
gray matter segments to their tissue specific template to transform
images into the Montreal Neurological Institute (MNI) standard
stereotaxic space (including reslicing images to a final voxel size of
1.5 mm3); (iv) modulation of all voxel values by the Jacobian
determinants derived from the normalization step (i.e. to restore
volumetric information lost through spatial transformations); and
(v) image smoothing with a 12-mm full width at half maximum
(FWHM) isotropic Gaussian Kernel. An expanded description of
each image preprocessing step is provided in Pujol et al. (2004).

Statistical analysis

To assess potential differences in the sociodemographic and
clinical characteristics of the patient and control groups, we used
the one-way ANOVA, Student’s t and χ2 tests implemented in
the Statistical Package for the Social Sciences (SPSS) version
12.0 (see Table 1). In the same way, global gray matter volumes,
obtained from the non-normalized gray matter images, were
compared by univariate analysis of co-variance (ANCOVA), with
gender, age, and the quadratic and cubic expansions of age (to
control for potential non-linear effects of age) as confounding
covariates.

Analyses of regional volumetric measurements were carried out
using the following three approaches:

1. To examine the contribution of lifetime MDD on the pattern of
previously detected brain structural alterations in OCD, we
performed a selective region of interest (ROI) volumetric
analysis using SPM99 and the additional MarsBaR toolbox
(Brett et al., 2002). Specifically, we compared differences in
the gray matter volume of six ROIs between the three study
groups; OCD with lifetime MDD, OCD alone and healthy
subjects, with gender, age, and the quadratic and cubic
expansions of age as confounding covariates. ROIs were
defined a priori from the six primary clusters that we
previously reported as showing significant volumetric altera-
tions in OCD patients versus healthy subjects (Pujol et al.,
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2004). As the volume of each ROI was represented by the
voxel values within each region, these were summarized by
extracting the 1st eigenvariate, a measure that accounted for
most of the variance in this defined set of voxels. Three of
these ROIs, which were located in the mOFC, MdFG and left
posterior insula, corresponded to areas where we observed
absolute decreases in gray matter volume, whereas the other
three ROIs, corresponding to areas of relative gray matter

increases (after controlling for global gray matter volume),
were located in the anterior cerebellum, and in the left and right
ventral striatal areas. Between-groups comparisons were
reported as significant with a threshold of pb .05, corrected
for the multiple comparisons performed over the six ROIs.

2. In a post-hoc analysis, we assessed for interregional correlations
between the volume of the ROI significantly related to MDD (see
Results section below) and the other gray matter regions. The 1st

Table 1
Demographical and clinical data of three groups

Demographic and clinical
variable

Normal control
subjects (n=72)

OCD alone (n=39) OCD with lifetime
MDD (n=33)

Statistical
value a

(p value) b
Mean SD Mean SD Mean SD

Age (years) 30.13 10.23 26.12 8.49 30.13 10.23 3.74 (.026)
Age of onset of OCD (years) na na 16.81 5.86 17.21 5.93 .80 (.778)
Duration of illness (years) na na 10.26 8.13 16.15 12.04 5.96 (.027)
HAM-D na na 10.23 3.87 15.57 5.54 43.5 (b .0001)
Y-BOCS score (global) na na 25.56 7.8 28.15 6.2 2.36 (.129)
Y-BOCS score (obsessions) na na 13.56 3.31 14.27 3.28 .83 (.366)
Y-BOCS score (compulsions) na na 12.00 5.19 13.87 4.21 2.77 (.100)

N % N % N %

Gender distribution (females) 32 44.4 15 38.5 17 51.5 61 (.540)
Handedness (left-handers) 11 15.3 6 15.4 5 15.2 .011 (.100)

OCD alone (n=39) OCD with lifetime
MDD (n=33)

n % n %

OCD symptoms c

Symmetry and ordering 12 30.8 10 30.3 0.002 (.966)
Hoarding 10 25.6 6 18.2 0.575 (.448)
Contamination and cleaning 13 33.3 18 54.5 3.280 (.095)
Aggressive and Checking 26 66.7 23 69.7 0.076 (.783)
Sexual and religious 11 28.2 6 18.2 0.996 (.318)

Treatment status
Previous SRIs trials completed 135 (.987)

Never treated 3 7.7 2 6.1 –
One previous SRIs trial 10 25.6 9 27.3 –
Two previous SRIs trial 11 28.2 10 30.3 –
Three or more previous SRIs trial 15 38.5 12 36.4 –

Previous low dose antipsychotic use 4 10.3 8 24.2 2.517 (.128)
Complete behavioral therapy protocol 22 56.4 19 57.6 0.010 (1)
Previous treatment with ECT 0 0 1 3.0 1.198 (.458)
Previous treatment with experimental TMS 5 12.8 5 15.2 0.081 (1)
Stable medication use at time of MRI 0.160 (.997)

Medication free (N4 weeks) 10 25.6 8 24.2 –
Clomipramine hydrochloride 14 35.9 11 33.3 –
Fluoxetine or fluvoxamine 7 17.9 6 18.2 –
Phenelzine sulfate 1 2.6 1 3.0 –
Clomipramine with fluoxetine 7 17.9 7 21.2 –

OCD, obsessive compulsive disorder.
MDD, major depressive disorder.
HAM-D; Hamilton rating scale for depression.
Y-BOCS, Yale–Brown Obsessive–Compulsive Scale.
na, not applicable.
ECT, electroconvulsive therapy.
TMS, transcranial magnetic stimulation.
MRI, magnetic resonance imaging.
a Two-sample t test for continuous variables, χ2 test for categorical variables.
b Two-tailed.
c Dimensions from Mataix-Cols et al. (1999).
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eigenvariate of the ROI was introduced as the predictor regressor in
an SPM anatomical correlation analysis, controlling for global gray
matter volume, introduced as a nuisance covariate.

3. Finally, to explore for potential abnormalities of the OCD with a
lifetime MDD group in other brain areas beyond the six ROIs
described above, we conducted an additional whole-brain voxel-
based morphometry (VBM) assessment using SPM99. We used a
conjunction analysis to examine brain regions where volumetric
differences occurred in OCD patients with lifetimeMDD compared
to both OCD alone and healthy subjects. Theminimum t-statistic of
the two comparisons (OCDwith lifetimeMDDvs. OCD alone, and
OCD with lifetime MDD vs. healthy subjects) was used to assess
significance (Friston et al., 2005; Nichols et al., 2005). Gender, age,
and the quadratic and cubic expansions of age were included as
nuisance variables in the analysis.

In voxelwise analyses (analyses 2 and 3 of the above), findings
were reported as significant with a threshold of pb .05 corrected for
the multiple comparisons performed over the whole gray matter
volume. Nevertheless, results were also explored at a less
conservative threshold of pb .001 uncorrected for multiple compar-
isons. SPM spatial coordinates of these voxelwise analyses were
finally translated into the standard Talairach space using a non-linear
transformation of SPM99 space to Talairach space (Brett, 2006).
Although new versions of the SPM software have been developed,
we used SPM99 to ensure an easier interpretation of the results here
presented considering the ones previously reported with the same
sample of subjects (Pujol et al., 2004), thus attempting to avoid
possible confusion due to a change in the software version.

Results

Table 1 presents the demographic and clinical characteristics of
all three subjects groups. The three groups differed significantly in
age, but did not differ in their gender ratio or handedness. OCD
patients with lifetime MDD were older than patients with OCD
alone. These patients also showed greater depressive symptom at
the time of scanning (HAM-D scores) and had a longer illness
duration. There were no significant differences between the two
patient groups on total YBOCS score, presence of obsessive or
compulsive symptoms, or their severity or treatment status.

Global gray matter volume

A univariate ANCOVA, controlling for gender, age, and the
quadratic and cubic expansions of age, demonstrated a significant
group effect on global gray matter volume (F=3.66; p=.028). OCD
patients with lifetime MDD showed smaller global gray matter
volumes compared to healthy controls (mean=717; SD=79 ml in
OCD with MDD patients; mean=763; SD=78 ml in control
subjects; F=6.66; p=.012), but not in comparison with patients
with OCD alone (mean=758; SD=80 ml). No differences were
found between patients withOCD alone and healthy control subjects.

Contribution of lifetime MDD on OCD-related brain structural
alterations

Findings from the ROI-driven analysis are reported in Table 2. As
anticipated, both OCD groups showed significant alterations of
regional gray matter volumes compared to control subjects in the six

ROIs. Additionally, we observed a significant and specific reduction
of the gray matter volume of the mOFC inOCD patients with lifetime
MDD compared to those without. No further differences in the other
ROI volumes were seen between these two groups of patients.

Correlations of mOFC volume with other brain regions

To examine for potential structural networks involving the
mOFC in the three study groups, we performed SPM anatomical
correlation analyses. Such analyses indicated that in patients with
OCD alone, the volume of mOFC was positively correlated with
the volume of the rostral anterior cingulate cortex (ACC) (peak
correlation at Talairach x, y, z: −2, 42, 14 mm; t=6.44; corrected
pb .05, see Fig. 1). Conversely, for OCD patients with lifetime
MDD, mOFC volume was positively correlated with a cluster of
voxels located more anterior and dorsal in the MdFG (peak
correlation at Talairach x, y, z: −2, 48, 25 mm; t=5.93; corrected
pb .05; see Fig. 1). Another positive correlation was also observed
for this group between the mOFC and the right anterior insula
(peak correlation at Talairach x, y, z: 47, 16, −11 mm; t=6.33;
corrected pb .05; see Fig. 2). Finally, OCD patients with lifetime
MDD also showed a negative correlation between mOFC volume
and the right amygdala–parahippocampal region (peak correlation
at Talairach x, y, z: 20, −1, −22 mm; t=5.12; corrected pb .05; see
Fig. 3). No significant interregional correlations with the mOFC
were observed for the healthy control subjects.

Other brain regions implicated in OCD with MDD

Additional voxelwise analyses were conducted to explore
whether other brain regions might distinguish OCD patients with
MDD from patients with OCD alone and healthy controls. A
conjunction analysis indicated that regional gray matter volumes of
OCD patients with lifetime MDD were reduced compared to the
other two groups in three primary clusters: one involving the left
parahippocampal area (peak correlation at Talairach x, y, z: −29,
−18, −27 mm; t=4.04; see Fig. 4), extending to the fusiform gyrus,
and two clusters respectively located in the right (peak correlation at

Table 2
Summary of ROI analyses statistics

Regions of interest OCD with
lifetime (n=33)
MDD vs.
Controls (n=72)

OCD alone
(n=39) vs.
Controls
(n=72)

OCD with
lifetime MDD
(n=33) vs. OCD
alone (n=39)

t (p value)

Absolute volume decreases
mOFC 5.69 (b .001) 3.06 (.004) 2.40 (.03)
MdFG 4.67 (b .001) 3.99 (b .001) 0.75 (n.s.)
Insulo-opercular cortex 5.23 (b .001) 3.31 (.002) 1.80 (n.s.)

Relative volume increases
Anterior cerebellum 3.87 (b .001) 3.82 (b .001) 0.20 (n.s.)
Left ventral striatum 4.07 (b .001) 3.82 (b .001) 0.80 (n.s.)
Right ventral striatum 4.49 (b .001) 2.80 (.01) 1.57 (n.s.)

The p values are corrected over the analyzed regions of interest.
OCD, obsessive compulsive disorder.
MDD, major depressive disorder.
mOFC, medial orbitofrontal cortex.
MdFG, medial frontal gyrus.
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Talairach x, y, z: 29, 54, −17 mm; t=3.50; see Fig. 4) and left (peak
correlation at Talairach x, y, z: −41, 51, −12 mm; t=3.41; see Fig. 4)
lateral orbitofrontal cortices. These differences were significant at a
less conservative whole-brain uncorrected threshold of pb .001.

All the above analyses were repeated controlling for potential
confounding variables and no relevant changes were observed in
the results. Confounding variables included handedness, illness
duration and comorbidity pattern (OCD onset before MDD, and
OCD onset after MDD). In relation to the depression status (past
history of depression vs. first episode at the moment of scanning),

although the main results remained unaltered after controlling for
this factor, in a post-hoc analysis we detected a significant volume
reduction in the left lateral orbitofrontal cortex in OCD with past
history of MDD (n=26) (t=2.7; p=.011) compared to those
patients suffering their first MDD episode (n=7).

Discussion

Our primary finding was that OCD patients with a lifetime
history of MDD showed a more pronounced volume reduction in

Fig. 1. Statistical parametric map of the positive correlation between the mOFC and the rostral anterior cingulate cortex in patients with OCD alone (yellow), and
the MdFG in OCD patients with MDD comorbidity (green). Voxels below pb .001 (uncorrected) are displayed. L, left.

Fig. 2. Statistical parametric map of the positive correlation between the mOFC and right insula in OCD patients with MDD comorbidity. Voxels below pb .001
(uncorrected) are displayed. R, right.
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the mOFC. Interestingly, gray matter volume of the OFC showed
an abnormal pattern of correlations with other relevant brain areas,
involving the MdFG, insula and parahippocampal–amygdala
complex in OCD patients with lifetime MDD, and the rostral
anterior cingulate cortex in patients with OCD alone.

Dysfunction of the mOFC has been hypothesized in a range
of neurological and psychiatric disorders, which is supported by
lesion and neuroimaging studies (Zald and Kim, 2001). To this
end, mOFC alterations have been documented in mood and
anxiety disorders (Bremner et al., 2002; Drevets, 2000; Rauch et
al., 1997), schizophrenia (Crespo-Facorro et al., 2001; Pantelis et
al., 2003), personality and neurodevelopmental disorders (Berlin
et al., 2005; Girgis et al., 2001), as well as substance abuse
disorders (Goldstein and Volkow, 2002; Lubman et al., 2004).
Collectively, these data suggest that the mOFC appears to be a
region of common pathophysiological vulnerability in disorders
characterized by, among other features, significant emotional
dysfunction.

In OCD patients specifically, neuroimaging studies have
reported reduced volumes of the mOFC (Pujol et al., 2004;
Szeszko et al., 1999) as well as altered functional activity (Rauch et
al., 1994; Mataix-Cols et al., 2004) and functional connectivity of
this region (Harrison et al., 2006). However, in keeping with the
above discussion, Rauch et al. (1997) proposed that abnormal
functional activation of the mOFC might be relatively non-specific
to OCD and generalizable across a variety of anxiety disorders,
particularly in response to anxiety-provoking challenges.

Our current findings suggest a common alteration of mOFC
gray matter volume in OCD patients with and without MDD, but
where the presence of comorbid depression had an additive effect
of augmenting this pattern of volumetric reduction. This finding
appears to be consistent with neuroimaging studies of primary
depression, where prominent alterations of the mOFC have been
reported, including reduced structural volume (Bremner et al.,
2002; Lacerda et al., 2004), reduced basal metabolic activity and
perfusion in severe patients (Drevets, 2000; Mayberg et al., 1994),
and blunted functional responsiveness of this region following
psychological and pharmacological challenges (Bremner et al.,
2003; Liotti et al., 2002). Similarly, this appears to be in line with
other neuroimaging studies of MDD and MDD comorbidity in

OCD, where common alterations linked to depressive symptoma-
tology have been reported (Baxter et al., 1989; Saxena et al.,
2001).

Anatomical alteration in the OFC region, therefore, may be
considered a marker of psychiatric illness that is particularly
prominent when OCD and MDD co-occur in the same patients.
Nevertheless, our correlation analysis may well suggest a different
role for OFC changes in the pathophysiology of OCD and
comorbid depression. Taken together, the observed interregional
correlations appear to support the notion that psychiatric disorders,
in general, evolve from dysfunction of distributed brain systems
rather than distinct alterations (Aouizerate et al., 2004; Crespo-
Facorro et al., 2001; Drevets, 2000; Goldstein and Volkow, 2002).

OCD patients without MDD showed a positive structural
correlation of mOFC volume and the rostral division of the ACC.
Both regions have been consistently implicated in functional
imaging studies of OCD over the past decade (Rauch et al., 1994)
and have become central to most pathophysiological models of this
illness (Aouizerate et al., 2004). Evidence from cognitive
neuroscience also implicates a role for both regions in higher-
order behavioral processes such as complex decision making,
emotional self-awareness and action monitoring (Paus, 2001;
Gusnard et al., 2001). Action monitoring, in particular, appears to
have certain phenomenological relevance in explaining aspects of
OC symptomatology and, in recent studies of OCD patients, has
been linked to functional alterations of the rostral ACC and OFC
regions (Maltby et al., 2005; Ursu et al., 2003). Thus, extending
our previous study (Pujol et al., 2004), this observation of a
structural interrelationship between the mOFC and rostral ACC
provides additional support for a relevant medial–frontal contribu-
tion to OCD (Yücel et al., 2007).

In OCD patients with lifetime MDD, mOFC volume showed a
differential pattern of regional correlations involving the medial
prefrontal cortex, insula and parahippocampal–amygdala complex.
Specifically, we observed a positive correlation of mOFC volume
with the medial prefrontal cortex, a brain region that has become
increasingly implicated in functional imaging studies of emotion
processing, including a role in the voluntary regulation of mood, as
well as the emotional appraisal of self and others (Teasdale et al.,
1999; Gusnard et al., 2001; Phan et al., 2005). In patients with

Fig. 3. Statistical parametric map of the negative correlation between the mOFC and gray matter volume of the right amygdala–parahippocampal region in OCD
patients with MDD comorbidity. Voxels below pb .001 (uncorrected) are displayed. R, right.
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MDD, reduced activation of the medial prefrontal cortex has been
linked to impaired capacity for emotional self-awareness and
emotional stability (Liotti et al., 2002), while preserved activity in
this region has been proffered as a functional marker of good
treatment response (Saxena et al., 2003) and endophenotype for
resilience to mood disorders (Kruger et al., 2006).

We observed a positive correlation between the mOFC and the
right insular cortex, which is also supported by their well-known
anatomical connectivity profile (Ongur and Price, 2000). Func-
tional imaging studies of healthy subjects have linked activation of
the right insula to aspects of negative emotional processing, such
as the perception of sadness and disgust as well as anxiety (Phillips
et al., 2003). Several functional and structural neuroimaging
studies have reported selective changes of the insular region in
patients with OCD (Mataix-Cols et al., 2004; Phillips et al., 2000;
Pujol et al., 2004) and MDD (Beauregard et al., 2006; Cardoner et
al., 2003; Davidson et al., 2003). Those insula alterations
specifically related to OFC alterations may perhaps be more
relevant in the context of OCD with comorbid MDD.

Finally, we found that mOFC volume was negatively correlated
with gray matter volume of the right amygdala–parahippocampal
region in OCD patients with MDD. Studies of non-human primates
have characterized strong bidirectional projections and functional
modulation between the amygdala and ventromedial prefrontal
regions (Paus, 2001), which has, in part, been confirmed by human
neuroimaging studies and linked to negative emotion perception
and affect (Phillips et al., 2003). Our observation of a negative
volumetric association between these regions may fit with recent
evidence for an altered functional coupling of the amygdala–
ventromedial prefrontal regions in individuals with a higher genetic

susceptibility to depression (Pezawas et al., 2005; Heinz et al.,
2005), as well as findings of an inverse correlation between OFC
and amygdala activity in patients with depression in PET studies
(Drevets, 2000). Our finding may suggest some role for an altered
OFC–right amygdala relationship in the development of lifetime
depression in patients with OCD. Nevertheless, the specific
mechanisms mediating this process will need to be elucidated,
given that in some ROI-focused studies (Szeszko et al., 1999),
OCD patients showed volumetric reduction in both the amygdala
and OFC, as did the subgroup of patients with prominent
aggressive obsessions and checking compulsions in our previous
voxelwise study (Pujol et al., 2004).

The data derived from our study suggest that additional structures
could contribute to MDD comorbidity in OCD. We detected a
tendency to gray matter volume reduction in the right and left lateral
OFC and left parahippocampal region. Such findings are in
concordance with several studies suggesting a relevant role of these
regions in emotion regulation and MDD pathophysiology (Zald and
Kim, 2001; Bremner et al., 2002; Drevets, 2000; Lacerda et al.,
2004). Indeed, reduced metabolic activity in the left hippocampal
area has specifically been related to MDD–OCD comorbidity
(Saxena et al., 2001).

There are some methodological limitations to this study that
should be considered. Firstly, we have not used the latest version
of the SPM software, which introduces some modifications in the
segmentation algorithm (Ashburner and Friston, 2005). Although
we cannot rule out the possibility that this may have affected the
accuracy of our results, we preferred to avoid any confounding
effects due to a change in the software version and ensure a
straightforward interpretation of the results in relation with our

Fig. 4. Statistical parametric map showing regions with reduced gray matter volumes in OCD patients with MDD, involving (A) right and left lateral orbitofrontal
cortices and (B) left parahippocampal area. Voxels below pb .001 (uncorrected) are displayed. L, left.
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previously reported data (Pujol et al., 2004). Secondly, the
relatively high slice thickness used in the present study may have
limited the spatial resolution of our findings. Furthermore, the
study groups reported here were not strictly matched in terms of
the number of subjects in each group, age distribution, and illness
duration. We have attempted to minimize this limitation by
accounting for subjects’ age and gender in all statistical
comparisons, although this is obviously not as ideal as having
strictly matched groups. We also included patients with a
different MDD clinical status (i.e., past history, current or first
episode) in the OCD and MDD groups. A differential effect of
MDD status over brain structure cannot be totally excluded, as
suggested by prior studies (Lacerda et al., 2004). Indeed, we
found a more pronounced volume reduction in left lateral OFC in
OCD patients with a past history of MDD compared to those
with a first current MDD episode. Although we found no
differences in treatment status between both patient groups,
including the number of previous trails of antidepressants, the use
of antipsychotics or physic treatments, an influence of treatment
history on our volumetric findings cannot be definitively
excluded (Gilbert et al., 2000; Lieberman et al., 2005). Finally,
our study is limited to a sample of patients with OCD as their
primary diagnosis and, thus, our findings could be extended or
complemented by future studies including MDD patients without
OCD comorbidity.

In summary, our findings support existing evidence suggesting a
non-specific involvement of the mOFC in the pathophysiology of a
range of neuropsychiatric disorders, including OCD. Comorbid
depression in OCD appears, primarily, to have an additive effect on
gray matter volume alterations in OCD patients, including a more
pronounced volumetric reduction in the mOFC and a more diffuse
pattern of abnormal structural covariances with other limbic and
paralimbic regions. These brain structural alterations could impair
emotional regulation and increase the risk or diathesis for major
depression.
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Cross-Sectional and Longitudinal Assessment of
Structural Brain Alterations in Melancholic Depression
Carles Soriano-Mas, Rosa Hernández-Ribas, Jesús Pujol, Mikel Urretavizcaya, Joan Deus, Ben J. Harrison,
Hector Ortiz, Marina López-Solà, Josep M. Menchón, and Narcís Cardoner

Background: Whole-brain imaging approaches may contribute to the characterization of neuroanatomic alterations in major depression,
especially in clinically homogenous patient groups such as those with melancholic features. We assessed brain anatomic alterations, both
cross-sectionally and longitudinally, in patients with melancholic depression using a whole-brain voxel-wise approach.

Methods: Whole-brain magnetic resonance images were collected from a relatively aged sample of 70 consecutively recruited major
depressive disorder inpatients with melancholic features and from a group of 40 healthy control subjects. All patients were clinically
followed for at least 2 years, and a subset of 30 depressive patients and 20 control subjects were rescanned after a 7-year period. Imaging
data were analyzed with voxel- and tensor-based morphometry techniques.

Results: Melancholic patients showed gray matter reductions in the left insula and white matter increases in the upper brainstem
tegmentum. Male patients showed gray matter decreases in the right thalamus, and periventricular white matter reductions were specifi-
cally observed in older patients. Volume decreases in the left insula, hippocampus, and lateral parietal cortex predicted a slower recovery
after treatment initiation. In longitudinal assessment, white matter of the upper brainstem tegmentum showed a different temporal
evolution between groups. Additionally, bilateral graymatter reductions in the insulae were associatedwith the number of relapses during
follow-up.

Conclusions: Structural alterations were identified in regions potentially related to relevant aspects of melancholia pathophysiology.
Longitudinal analyses indicated region-specific interactions of baseline alterations with age as well as a significant association of clinical
severity with focal changes occurring over time.

Key Words: Major depressive disorder, melancholia, neuroanat-
omy, neuroimaging, structural magnetic resonance imaging (MRI),
voxel-based morphometry

Magnetic resonance imaging (MRI) studies have reported
brain anatomic abnormalities in patients with major de-
pressive disorder (MDD), most typically volumetric reduc-

tions, although results have been notably heterogeneous in the
identificationof affected structures.According to recent summaries
(1–3), volumetric reductions of the hippocampus, basal ganglia,
orbitofrontal cortex, and anterior cingulate cortex, particularly its
subgenual division, are the most reliable findings. However, there
are also reports of nonsignificant findings for such regions (4–6),
whereas other studies have reported volumetric reductions in areas
such as the amygdala (7), insula (8), and thalamus (9).

Inconsistency in the identification of brain structural alterations
in MDD may be partially explained by the fact that most studies
have focused on a certain number of structures selected a priori, as
opposed to providing comprehensive whole-brain analyses. Addi-

tionally, there has been significant variability in terms of the clinical
profile of the assessed patients. Such variability may have pre-
vented the identification of anatomic changes in particular sub-
groupsbecausedifferentphenotypesof thedisorder are likely tobe
associated with different neuropathologic alterations (10). In this
context, the assessment of clinically homogeneous samples using a
whole-brain imaging approach may offer a more comprehensive
characterization of the anatomic alterations associated with MDD.

Melancholic depression is a relatively homogenous subtype of
MDD characterized by anhedonia, psychomotor disturbances, feel-
ings of guilt, early awakening, diurnal variation, and anorexia (11). It
has also been related to specific neurobiological correlates such as
cortisol dysregulation andalterations in sleeppatterns (12). Reports
of structural brain alterations inmelancholic depression have been
few in number, including overlapping results with those of general
MDDsamples, such as reducedhippocampal volumes (13), and also
other findings such as enlargement of cerebrospinal fluid (CSF)
spaces surrounding the sylvian fissure (14). Nevertheless, alter-
ations in other gray or white matter regions may be expected
because core features of melancholia (e.g., anhedonia, psychomo-
tor retardation, or hyperactivity of the hypothalamic-pituitary-ad-
renal axis) have been related to abnormalities in distributed brain
systems such as “corticostriatal loops” (15,16) or monoaminergic
pathways linking thebrainstemnuclei and limbic structures (12,17).
However, to date, no studies in melancholic patients have em-
ployed an exploratory whole-brain voxelwise approach.

Another relevant feature of melancholia is its interaction with
age. As a group, patients with melancholic depression have a later
onset of illness compared with nonmelancholic samples (18). Fur-
thermore, certain clinical (i.e., psychomotor disturbances) (19) and
neuropathologic (i.e., subgenual cortex dysfunction) (6) alterations
of melancholic depression are more prominent in older patients.
This interaction suggests that some of the pathologic features of
melancholia may be “degenerative” in nature, because of an accu-
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mulation of pathogenic insults throughout a patient’s life (20). Lon-
gitudinal imaging approaches may be optimal for testing this hy-
pothesis because they allow for the assessment of relationships
betweenmeasures of clinical severity (e.g., number of relapses) and
anatomic changes observed over time. Such studies also allow
examining interactionsbetween illness andage-relatedbrain struc-
tural alterations, especially when long follow-up periods are em-
ployed.

The initial aim of this study was to assess brain anatomic alter-
ations in a large sample of melancholic patients compared with a
groupof control subjects of similar age andgender in the context of
a whole-brain voxelwise approach. Gender-specific and age-re-
lated alterations in brain anatomy were specifically evaluated, as
well as correlations with clinical data. A subset of participants was
followed up 7 years after the initial imaging examination. This anal-
ysis allowed us to make a further assessment of the potential inter-
action between anatomic changes and age and to study the rela-
tionship between anatomic alterations and illness severity (i.e.,
number of relapses between scans).

Methods and Materials

Subjects
We assessed 70 MDD patients (41 female) consecutively re-

cruited from the Mood Disorders Unit of the Bellvitge University
Hospital. All but three patients were right-handed according to the
Edinburgh Inventory (21). The group comprised patients with a
current depression episode fulfilling DMS-IV criteria for MDD with
melancholic features and who required hospital admission for
treatment. Patient diagnosis was independently confirmed by two
senior psychiatrists (MU andNC) using the Structured Clinical Inter-
view forDSM-IVAxis I Disorders—ClinicianVersion (22).MDDsever-
ity was assessed with the Hamilton Rating Scale for Depression
(HAM-D) (23). Upon inclusion, all patientshadaHAM-Dscorehigher
than 18. This was a sample of relatively old patients (mean � SD
age�61.56�9.68 years, Table 1), althoughonly 16 subjects (22.9%
of the sample) had late-onset MDD (� 60 years), and themean age
at disorder’s onset was 51.11 � 12.57 years (Table 2). Exclusion
criteria included the presence or past history of other Axis I diag-
noses, presence or past history of neurologic or other serious med-
ical conditions (including dementia), abnormal MRI upon visual
inspection, or any contraindication to MRI scanning. The presence
of hypertension or diabetes mellitus Type 2 (DM-II) was not consid-
ered as an exclusion criterion. Specifically, 17 patients had hyper-
tension (24.3% of the sample), and four patients had DM-II (5.7% of
the sample). In any case, we excluded subjects with evidence of
ischemic tissue damage in the MRI to avoid including cases
of cardiovascular etiology.

Forty control subjects (23 female) from the same sociodemo-
graphic environment were selected. These subjects (one left-
handed) were of similar age and gender as the patients (Table 1).

Control subjects were selected according to guidelines established
by Shtasel et al. (24). A detailed medical history was recorded for
each subject, anda structured interviewwasadministered todetect
subjects who fulfilled exclusion criteria (presence or past history of
any Axis I or Axis II diagnosis, presence or past history of neurologic
or other relevant medical conditions, abnormal MRI upon visual
inspection, or any contraindication to MRI scanning). The percent-
age of control subjects with hypertension was 27.5% (11 subjects)
and with DM-II was 7.5% (3 subjects).

All patients were clinically followed for at least 2 years through
contact with the Mood Disorders Unit. During this period, no pro-
dromal signsof dementiaweredetected, andapositive response to
antidepressant treatment was observed. A subset of participants
(30 patients and 20 control subjects) was rescanned approximately
7 years (mean 84.72 months, range 78–90 months) after the first
MRI. Table S1 (see Supplement 1) details the reasons for follow-up
discontinuation over this 7-year period. One-sample t tests and
chi-square tests confirmed that original and follow-up samples did
not differ on any sociodemographic variable (Table 1). For patients,
the original and follow-up samples differed only in the “time to
remission” of the clinical episode upon inclusion (Table 2).

Informed consent was obtained from all subjects after detailed
description of the study, and the study was approved by the local
ethics committee and performed according to ethical standards of
the Declaration of Helsinki.

MRI Acquisition and Preprocessing
Subjects were scanned with a 1.5-T scanner (Signa, GE Medical

Systems,Milwaukee,Wisconsin) at baseline and follow-up toobtain
a60-slice three-dimensional spoiledgradient recoil sequence in the
axial plane (repetition time 40msec, echo time 4msec, pulse angle
30°, field of view 26 cm, matrix size 256 � 192 pixels, in-plane
resolution 1.02 mm2, and section thickness 2.5 mm). Imaging data
were processed on a Microsoft Windows platform using technical
computing software (MATLAB ver. 7;Mathworks, Natick,Massachu-
setts) and Statistical Parametric Mapping (SPM2;WellcomeDepart-
ment of Imaging Neuroscience, London, United Kingdom).

Data Preprocessing for Cross-Sectional Analyses. Image
preprocessingwas performedwith the VBM2 toolbox (25). First, we
obtained study-specific template and prior images following pro-
cedures described elsewhere (26). Given the unequal number of
subjects in our samples, 40 randomly selected patients and the 40
control subjects were used in this first step. Second, native-space
MRIs were segmented into gray matter, white matter and CSF and
optimally normalized to their tissue specific template. During this
process, images were resliced to a final voxel size of 1 mm3. The
Jacobiandeterminants derived from the spatial normalizationwere
used to modulate image voxel values to restore volumetric infor-
mation (27). Finally, imageswere smoothedwitha12-mmfullwidth
at half maximum isotropic Gaussian kernel, which allows for para-
metric statistical testing in unbalanced designs (28).

Table 1. Sociodemographic Characteristics of the Study Samples

Original Sample Follow-Up Sample

Patients (n � 70) Controls (n � 40) Patients (n � 30) Controls (n � 20)
Mean � SD (Range) Mean � SD (Range) Mean � SD (Range) Mean � SD (Range)

Age at Inclusion 61.56 � 9.68 (37–82) 59.23 � 7.09 (49–76) 59.13 � 8.01 (44–73) 58.80 � 6.30 (49–71)
Age at Second MRI — — 66.57 � 8.20 (51–81) 65.30 � 6.34 (55–78)
Gender, F, n (%) 41 (58.6) 23 (57.5) 16 (53.3) 11 (55.0)
Left-Handed, n (%) 2 (2.9) 1 (2.5) 1 (3.3) 0 (0.0)

No significant differences were observed between groups in any of the variables.
F, female; MRI, magnetic resonance imaging scan.
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Data Preprocessing for Longitudinal Analyses. Our longitu-
dinal analyses were intended to assess volume-modulated image
segments. To this aim, we used a combination of tensor-based
morphometry (29–31) and optimized voxel-based morphometry
VBM for longitudinal data (32,33). Because optimized VBM requires
image segmentation to be performed in native space and indepen-
dently from spatial normalization, which is not possible in SPM
versions beyond SPM2, we used this version of the software. In
addition, because tensor-based morphometry involves a high-di-
mensional deformation between baseline and follow-up images
and CSF segmentation is less accurate than gray and white matter
segmentation, our analyses were focused solely on gray and white
matter segments. Image preprocessing is summarized as follows:

1. After coregistration of follow-up to baseline examinations, the
high-dimensional deformation field that would warp follow-up
images to their respective baseline scanwas estimated.

2. Raw images were segmented into gray and white matter tis-
sues in native space. In this step, we introduced an additional

bias field correction toeach imagepair to account for intensity
nonuniformities in baseline comparedwith follow-up acquisi-
tions (33).

3. The high-dimensional deformation field from Step 1 was ap-
plied to the follow-up gray andwhitematter segments, which
were additionallymodulated by the Jacobian determinants of
the high-dimensional deformation fields.

4. Baseline images were normalized to their tissue specific tem-
plate, and the samenormalizationparameterswereapplied to
the previously warped follow-up images. All images were
modulated by the Jacobian determinants derived from this
normalization.

5. Baseline and follow-up images were smoothed with a 12 mm
full width at half maximum isotropic Gaussian kernel.

Data Analysis
Cross-Sectional Study. Global gray andwhitematter volumes

were obtained from the original nonnormalized images and com-

Table 2. Clinical Characteristics of Melancholic Patients

Original Sample (n � 70) Follow-Up Sample (n � 30) Statistical Valuea

(p Value)Mean � SD (Range) Mean � SD (Range)

Age at Onset of MDD 51.11 � 12.57 (17–78) 49.87 � 10.64 (28–70) �0.64 (0.53)
Duration of Illness, Years 10.45 � 10.08 (0–40) 9.27 � 9.92 (0–33) �0.65 (0.52)
Number of Previous Episodes 3.07 � 4.13 (1–27) 3.27 � 4.09 (1–21) 0.26 (0.79)
HAM–D 17 Score at Inclusion 28.60 � 7.63 (18–51) 28.03 � 8.33 (18–51) �0.37 (0.71)
Core Subscale (Items 1–3, 7, 8) 11.44 � 2.98 (4–17) 11.13 � 3.17 (5–17) �0.53 (0.6)
Maier Subscale (Items 1, 2, 7–10) 12.22 � 3.66 (6–21) 11.77 � 4.07 (6–21) �0.61 (0.55)
Retardation Subscale (Items 1, 7, 8, 14) 8.41 � 2.21 (4–15) 8.40 � 2.43 (4–15) �0.02 (0.98)
Somatization Subscale (Items 10–13, 15, 17) 9.12 � 3.15 (3–17) 9.07 � 3.43 (4–17) �0.08 (0.93)

Time to Remission, Days 58.48 � 46.82 (8–180) 42.56 � 31.89 (9–180) �2.73 (0.011)

HAM-D Score at Second MRI — 2.60 � 4.5 (0–18) —
Number of Episodes Between Scans — 1.90 � 2.11 (0–7) —
Time of Treatment at Inclusion, Years 2.74 � 3.71 (0–20) 3.52 � 4.85 (0–20) 0.88 (0.39)
No. of Treatment Strategies at Inclusion 1.89 � 1.69 (0–5) 1.53 � 1.52 (0–5) �1.28 (0.21)
Time of Treatment Between Scans, Years — 6.74 � 1.47 (1.5–8.5) —
No. of Treatment Strategies Between Scans — 2.03 � 2.745 (0–14) —

n (%) n (%)
Treatment Status
Stable Medication (� 4 weeks) at Time of First MRI 1.39 (0.96)
Medication-Free 20 (28.6%) 7 (23.3%)
Imipramine 17 (24.3%) 8 (26.7%)
SSRI 10 (14.3%) 6 (20%)
Venlafaxine 3 (4.3%) 1 (3.3%)
Clomipramine 2 (2.9%) 1 (3.3%)
Imipramine with Othersb 7 (10%) 4 (13.3%)
SSRI with Othersb 1 (1.4%) 0 (0%)
Clomipramine with Othersb 2 (2.9%) 0 (0%)
Other Antidepressantsb 8 (11.4%) 3 (10%)

Stable Medication (� 4 weeks) at Time of second MRI —
Medication-Free — 4 (13.3%)
Imipramine — 6 (20%)
SSRI — 3 (10%)
Venlafaxine — 3 (10%)
Imipramine with Othersb — 8 (26.7%)
SSRI with Othersb — 1 (3.3%)
Venlafaxine with Othersb — 2 (6.7%)
Other Antidepressantsb — 3 (10%)

HAM-D 17, 17-item Hamilton Rating Scale for Depression; MDD, major depressive disorder; MRI, magnetic resonance imaging; SSRI, selective serotonin
reuptake inhibitor.

aFollow-up sample compared to original sample (one-sample t test for continuous variables, chi-square test for categorical variables). Bold indicates
statistical significance.

bOther antidepressants: mianserine, mirtazapine, doxepine, maprotiline, nortriptiline, or amitriptiline.
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pared between groups with independent samples t tests in SPSS
(ver. 15). Voxelwise regional volume differences were studied with
SPM tools. Between-group comparisons were conducted sepa-
rately for gray and white matter. In these analyses, global tissue
volume (gray or white) was included as a nuisance covariate. Gen-
der effects were assessed in a four group (male–female/patients–
control subjects) SPM whole-brain analysis with age and global
tissue volume as confounders. Age effects were first assessed con-
sidering age as a continuous variable and later considering four
groups of subjects (young–old/patients–control subjects, splitting
the subjects according to the mean age of the group), with gender
andglobal tissuevolumeas confounders. The relationshipbetween
findings from these analyseswith clinical variableswas examined in
SPSS by performing Pearson’s correlations between volumetric val-
ues (average of the voxel values within the significant cluster) and
clinical measurements. Within SPM, exploratory voxelwise correla-
tion analyses were also performed to test for significant associa-
tions between regional volumes and clinical variables introducing
the clinical variable as a regressor of interest and global tissue
volume as a nuisance covariate.

Longitudinal Study. We firstly studied the longitudinal evolu-
tion of the gray andwhitematter regions found to be altered in the
cross-sectional analysis by extracting the average of the values
within the cluster of significant voxels from baseline and follow-up
images. Within SPSS, we performed amixed-model analysis of vari-
ance with group (patient or control) as the independent predictor
and time point (baseline or follow-up) as the intrasubject measure-
ment. Main effects and interactions were evaluated. Second, voxel-
wise interactions between “group” and “time-point” were studied
within SPM performing paired comparisons to assess whether
greater tissue contraction or expansion between both time points
occurred in patients relative to control subjects. The variables “time
between scans” and global tissue volume were introduced as nui-
sance covariates. Finally, within the patient group, we assessed for
correlations between volumetric longitudinal changes (follow-up
voxel valuesminus baseline) and clinical variables. These difference

images were analyzed by linear regression in SPM with the clinical
variable of interest as a regressor of interest and “time between
scans” as nuisance covariate.

For SPM analyses, significance thresholdswere set at p� .05 (fam-
ily-wise corrected formultiple comparisons).However, to allowacom-
prehensive results assessment, if no voxels survived this exacting
threshold, data were also explored at p � .001 (uncorrected). For the
purpose of displaying results, a significance threshold of p � .001
(uncorrected) was used in all cases. In post hoc SPSS analyses, the
statistical thresholdwassetatp� .05.Anatomicmappingwasassisted
using the automated anatomical labeling SPM toolbox (34).

Results

Global Volume Measurements
There were no significant differences in global gray and white

matter volumes between patients and controls (see Supplement1,
Table S2).

Cross-Sectional Analyses
Patients showed a significant gray matter volume reduction in

left posterior insula (Figure 1A) and awhitematter volume increase
in the upper brainstem tegmentum, at the level of midbrain and
rostral pons (Figure 1B; see also Supplement 1, note 1). These find-
ings did not interact with gender or age.

Gender-Specific and Age-Related Effects
Male MDD patients exhibited a gray matter reduction in the

right thalamus (Figure2A) thatwasnotobserved in femalepatients.
Assessment of group � age interactions revealed no significant
findings, although when subjects were split in two subgroups
(young and old), a significant reduction in periventricular white
matter was specifically observed in oldMDDpatients (Figure 2B). In
a post hoc analysis, we observed that white matter content in this
cluster was inversely related to CSF volume in the anterior horn of

Figure 1. Regions of gray andwhitematter volume change in patients with
melancholic depression superimposed on selected slices of a normalized
brain. (A) Gray matter volume reductions in left posterior insular cortex
(peak at x, y, z� –50, –15, 8; t� 5.14; p(FWEcorrected) � .006). (B) Whitematter
volume increases in the upper brainstem tegmentum (peak at x, y, z � 1,
–23, –19; t � 5.55; p(FWEcorrected) � .001). Voxels with p � .001 (uncorrected)
are displayed. Color bar represents t value. L, left hemisphere.

Figure 2. Regions of interaction between group and gender and between
group and age superimposed on selected slices of a normalized brain. (A)
Graymatter volume reductions in the right thalamus of malemajor depres-
sive disorder (MDD) patients (at the level of the ventral posteromedial and
the centromedian nuclei, peak at x, y, z� 10, –18, 0; t� 4.79; p(FWEcorrected)�
.019). (B) White matter volume reduction in periventricular white matter
surrounding the anterior horn of the left lateral ventricle of old MDD pa-
tients (peak at x, y, z� –19, 11, 27; t� 4.68;p(FWEcorrected)� .024). Voxelswith
p � .001 (uncorrected) are displayed. Color bar represents t value. L, left
hemisphere.
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the left lateral ventricle (peak at x, y, z� –4, 20, 2; t� 4.02; r� –.64;
p � .0001). These findings did not interact with the presence of
hypertension or DM-II.

Clinical Correlations
Correlations of brain alterations with clinical data showed a

significant negative relationship between left insula volume and
thenumberofdays to symptomremissionafter treatment initiation
(log transformed, r � –.39; p � .001). Further VBM regression anal-
yses (at p � .001, uncorrected), showed that “days to symptom
remission” was also negatively correlated with the volume of three
graymatter regions: the left postcentral and supramarginal gyri and
the left hippocampus (Figure 3A). In addition, core symptomsof the
HAM-D scale were positively correlatedwith graymatter volume in
the left posterior cingulate (Figure 3B). No further correlations be-
tween regional volumes and clinical data, including “global HAM-D
score,” “number of previous episodes,” and “time treatedwith anti-
depressants,” were observed.

Longitudinal Analyses
Left insula volume was not significantly different between the

two scanpoints [F (1,46)� 3.84;p� .06] in either patients or control
subjects [interaction: F (1,46) � 1.78; p � .19]. In contrast, white
matter volume of the upper brainstem tegmentum showed a dif-
ferent evolutionbetweengroups,with a volumedecrease between
scans in patients and a volume increase in control subjects (Figure
4; see also Supplement 1, note 2).

Whole-brain analyses assessing for “group by time point” inter-
actions revealed that, at p � .001 (uncorrected), patients showed a
greater gray matter reduction between scan points in the right
lingual and the left caudal middle temporal gyri (Supplement 1,
Figure S1). Voxelwise correlations between longitudinal volume
changes and clinical variables revealed that the number of relapses
between scans was correlated with gray matter volume reductions
in the right middle occipital gyrus and the insular cortices bilater-
ally. We also observed a positive correlation with white matter
volume in the arcuate fasciculus (Figure 5; see also Supplement 1,
Table S3).

Discussion

Weusedawhole-brain imagingapproachtocharacterizestructural
brainalterations ina largeseriesofmelancholicpatientsand identified
regional volumetric alterations in gray and white matter. The most
significant alterations were identified in regions not commonly as-
sessed in studies of general MDD samples (i.e., insula and brainstem).
Nevertheless, as discussed subsequently, such changes may relate to
the clinical and neurobiological features of melancholia. We also de-
scribed gender- and age-specific abnormalities and noted that the

Figure 3. Correlations in melancholic patients of gray matter volume with days to remission after treatment initiation (log transformed) and core Hamilton
Depression Rating Scale (HAM-D) symptoms superimposed on selected slices of a normalized brain. (A) Cluster of correlation between regional gray matter
volume and log (days to remission) located in the left postcentral (peak at x, y, z� –56, –19, 42; t� 4.50; r� –.48) and supramarginal (peak at x, y, z� –62, –48,
26; t � 4.07; r � –.45) gyri (left) and in left hippocampus (peak at x, y, z � –18, –27, –11; t � 4.33; r � –.47; middle). The plot of the correlation between
hippocampal volumeand log (days to remission) is displayedon the right. (B)Cluster located in theposterior cingulate-precuneus region (peak at x, y, z�–10,
–55, 35; t� 4.83; r� .48) displayed on axial (left) and sagittal slices (middle). The plot of the correlation between regional volume and core HAM-D symptoms
is displayed on the right. Voxels with p � .001 (uncorrected) are displayed. Color bar represents t value. L indicates left hemisphere.

Figure 4. Box plot depicting white matter volume in the upper brainstem
tegmentum in baseline and follow-up acquisitions in melancholic patients
and control subjects. Interaction between group and time-point was signif-
icant at F(1,46) � 11.69; p � .001.
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volumeof specific limbic andneocortical areas correlatedwith clinical
measures. Our longitudinal study identified region-specific interac-
tions with age, as well as an association between the number of re-
lapses between scans and volume changes over time.

Cross-Sectional Findings
The left posterior insula was significantly reduced in melan-

cholic patients. The role of posterior insula in mood state has been
described in functional neuroimaging studies,whichhave reported
hyperactivity in the posterior part of the insula both in response to
sadness induction and in depressed subjects scanned at rest (35). In
conjunctionwith other limbic andparalimbic structures such as the
amygdala or the ventral anterior cingulate gyrus, it has been pro-
posed that the insula participates in the identification of the emo-
tional significance of stimuli, in the production of affective states,
and in autonomic response regulation (36). The posterior insula
processes somatosensory and interoceptive input from parietal
cortex and thalamic relay nuclei (37,38), regions that were also
related to melancholia in our study. In depressive patients, intero-
ceptive alterations have been frequently reported, including alter-
ations in nociception (39), interoceptive awareness (40) and body
perception (41), as well as a number of somatic complaints (42),
which, interestingly, seem to be particularly prevalent in melan-
cholic depression (43). Importantly, our findings, like prior research
(8,14), suggest that structural abnormalities may be lateralized to
the left insula. Considering the suggested role of the insula as
primary interoceptive cortex (38), this is indeed significant because
the left insula is a major recipient of parasympathetic input (44).
Combined with the fact that left hemisphere lesions enhance sym-
pathetic autonomic arousal and corticosterone response to stress
(45), such a finding suggests that an imbalance between the left
and right insular control of autonomic and endocrine functionmay

contribute to the increased stress response observed in melancho-
lia (12,17). The relative success of vagal nerve stimulation innormal-
izing hypothalamic-pituitary-adrenal axis function in chronic de-
pression (46) would appear to support such notions.

We also observed a volumetric increase in the white matter of
the upper brainstem tegmentum. This region contains the fibers of
the reticular activating system and several nuclei such as the pon-
tine andmidbrain raphe, the alteration of which is central tomono-
aminergic hypotheses of depression (47). In addition, this region
also contains the parabrachial nucleus, the main integration site of
interoceptive input in the upper brainstem (38), and neurons from
this area are critically involved in regulating CRH secretion through
bidirectional connections to the hypothalamus and limbic system
(12,48). Structural alterations in this region have been previously
reported in MDD, although the variety of measures reported (in-
creased T2-relaxation time (49), reduced echogenicity (50), and
increased mean diffusivity) (51) cannot be easily interpreted. Simi-
larly, the precise meaning of the white matter increase reported
here is not evident. Nonetheless, it is interesting to consider the
highly protracted cycle of myelination in this region, with active
myelination extending up to 70 to 80 years of age (52). If we con-
sider myelination to be a marker of tissue maturation associated
with neural activity (53,54), it is plausible that such structural
changes may have a functional origin. Indeed, hyperactivity in the
pons has been related to symptom severity in MDD (55).

Gender-Specific and Age-Related Effects
Male patients exhibited a volume decrease in the right thala-

mus. More precisely, the alteration was located in the region of the
ventral posteromedial and the centromedian nuclei, which receive
input from the upper brainstem and have been related to intero-
ceptive processing and arousal, respectively (38,56). The ventral
posteromedial nucleus projects interoceptive information to the
posterior insula, thus establishing a link between the upper brain-
stem and insular findings discussed earlier and suggesting an alter-
ation of central interoceptive circuitry in melancholia. Additionally,
alterations in the arousal system may be tentatively related to the
sleep-cycle disturbances typically described in melancholia (12), a
symptommore frequently observed inmen (57). At present, there is
no clear explanation regarding the specificity of these findings to
male MDD patients, although gender-related structural alterations
are common in general MDD samples (3).

Age effects were observed as a volume reduction in periven-
tricular white matter specific to older patients. Although we ex-
cluded patients with MRI evidence of ischemic tissue damage and
neither thepresence of hypertensionnorDM-II was associatedwith
this finding, it may reflect insidious white matter pathology, which
in late-lifedepression is normallyof vascular origin (58). Such frontal
white matter abnormalities, in the region of premotor transcallosal
connections (59),maypartially account for thepsychomotor distur-
bances typically observed in older melancholic patients (19).

Clinical Correlations
Melancholic patients with smaller left hippocampal volumes

took longer to show symptomatic improvement after treatment
initiation. This finding agrees with reports of increased treatment
responsiveness in MDD patients with larger hippocampal volumes
(60,61). This association was also observed in the left posterior
insula and left postcentral and supramarginal gyri, two regions
providing primary and secondary somatosensory input to the pos-
terior insula (37). Regardingclinical severity, coreHAM-Dsymptoms
were positively associated with posterior cingulate volume. Al-
though this was a somewhat unexpected finding, there are some

Figure 5. Regions of correlation between longitudinal gray and white mat-
ter volume change and number of depression episodes between scans
superimposed on selected slices of a normalized brain. (A) Regions of gray
matter decrease between scans correlated with the number of depression
episodes were located in the right middle occipital gyrus (left and right
images), in the right insula (left), and in the left insula (right). (B) The region
of white matter increase between scans correlated with the number of
depressive episodes was located in the superior longitudinal fasciculus.
Voxels with p � .001 (uncorrected) are displayed. Color bar represents t
value. L indicates left hemisphere.
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precedents in the literature of enlarged posterior cingulate inMDD
(62), which may be related to alterations in default-mode network
activity recently reported in depression (63).

Longitudinal Findings
Our analysis of the longitudinal evolution of baseline alterations

revealed that increased upper brainstem white matter content in
melancholic patients was followed by a volumetric decrease at
follow-up, which contrasts with the relative white matter increase
between scans observed in control subjects. Considering themyeli-
nation cycle of the upper brainstem tegmentum (52), this finding
could be interpreted as an accelerated aging pattern of this region
in melancholia, reinforcing the notion that some abnormalities of
the melancholic brain interact with aging.

The interaction between brain alterations and aging was also evi-
dent in our longitudinal voxelwise analysis, which revealed two re-
gions of different volumetric evolution between groups. Caudal mid-
dle temporal gyrus alterations may relate to the functional
abnormalities observed in this regionduring the cognitive generation
of negative affect in MDD (64), whereas lingual gyrus findings fit with
the impairment shown by depressive patients in filtering irrelevant
visual information (65). In general MDD samples, however, other au-
thors have described a greater number of regions showing an abnor-
mal ratio of volume changeover time (33). Beyonddifferences in sam-
pleselection, suchadiscrepancymightbeexplainedbythe fact that, in
our study, the effects of normal agingmay have overshadowed antic-
ipated effects of depressive illness. Furthermore, at follow-up, our pa-
tients were in partial or full remission of symptoms, and longitudinal
graymatter volume reductions are normally expected to be higher in
nonremitted patients (33). Nevertheless, longitudinal volume de-
creases in occipital and insular regions were found to be significantly
correlated with the number of relapses between scans. The existence
of such correlationsmay support the notion of a “degenerative” basis
tobrainvolumetricchanges inmelancholia (20). It should,however,be
emphasized that such an interpretationmayonly partially account for
our findings, because baseline insular volumewas not correlatedwith
the number of previous depression episodes and followed the same
pattern of atrophy across time as that seen in control subjects. Nor is
the finding of a positive correlation between the number of relapses
and the volumeof the left arcuate fasciculus likely tobeof a “degener-
ative” origin.

Our study does have certain limitations. First, tissue segmenta-
tion may have been affected by the relatively large slice thickness
and the use of nonisotropic voxels. This slice thickness was used
because, owing to the long-term follow-up nature of the study,MRI
data were obtained some years ago using a sequence with puta-
tively poorer tissue contrast than inversion recovery-prepared se-
quences obtained with multichannel head coils currently used in
most VBM studies. Secondly, it is possible that antidepressant treat-
mentmayhave influenced the reported volumetricmeasurements,
although we did not detect any significant association with time
under treatment. In addition, the selection of follow-up samples
was limitedby factors suchas the subjects’ general health condition
and willingness to repeat MRI examinations. Notwithstanding this,
original and follow-up samples differed only in one of the clinical
variables assessed. Finally, because we did not recruit a sample of
nonmelancholic MDD patients, our results cannot be considered
exclusive tomelancholic depression. Sucha comparisonwouldbea
helpful complement to our findings.

In conclusion, this study reports anatomic findings that may com-
plement previous results from general MDD samples. The use of a
whole-brain approach and the clinical homogeneity of the sample
assessed here allowed us to identify structural abnormalities that are

potentially related to relevant aspects of melancholia pathophysiol-
ogy, although other findings may better account for general features
of MDD. We have also identified gender-specific abnormalities and
provided data emphasizing the importance of assessing interactions
with age to characterizebrain alterations fully inmelancholia. Interest-
ingly, the reporteddatamaywell support thenotionofadegenerative
nature of some of the alterations found inmelancholic patients.
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Supplemental Information

Table S1. Reasons for follow-up discontinuation 

 Death 

Change of 
medical center 
and/or change 
of residence 

Onset of a 
new serious 
medical 
condition 

Refusal to 
undergo 
further MRI 
exams 

Poor image 
quality on 
second MRI 

Patients 9 subjects  
(3 suicides) 22 subjects 2 subjects 5 subjects 2 subjects 

Controls 2 subjects 10 subjects 2 subjects 6 subjects -- 

MRI, magnetic resonance imaging. 
 
 
 
 
 
 
Table S2. Global tissue volumes in melancholic patients and control subjects 
 

  Mean ± SD (ml) tdf=108 p
Gray matter     

 Patients 572 ± 56 
0.2 0.841 

 Controls 570 ± 53 
White matter     

 Patients 438 ± 58 
0.51 0.613 

 Controls 432 ± 58 
df, degrees of freedom; SD, standard deviation. 

 

 

 

Table S3. Pearson’s correlations of gray and white matter regional volumes with the number of depression 
episodes between the two scan points. 
 

Peak Coordinates (mm) a 
t value b r value Number of voxels Anatomical location x y z 

Gray matter decreases 

28 -96 1 5.21 -0.71 2469 Right Middle Occipital Gyrus 

43 -17 1 4.87 -0.68 675 Right Insula 

-38 -5 14 4.02 -0.61 315 Left Insula 

White matter increases 

-35 11 16 4.37 0.64 727 Left Superior Longitudinal Fasciculus 
a Coordinates (x,y,z) refer to the standard MNI stereotactic space.  
b All values are significant at p < 0.001, uncorrected. 
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Figure S1. Regions of greater gray matter volume reduction between scans in melancholic patients in 

comparison to control subjects at an uncorrected threshold of p < 0.001 superimposed on selected 

slices of a normalized brain. Clusters were located in the lingual gyrus of the right hemisphere 

(displayed on the left; peak at x, y, z = 14, -93, -2; t = 4.25), and in left caudal middle temporal gyrus 

(displayed on the right; peak at x, y, z = -45, -62, 9; t = 3.86). Voxels with p < 0.001 (uncorrected) are 

displayed. Color bar represents t value.
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Supplemental Note 1

Findings located outside the cerebrum were confirmed by means of region of interest (ROI) analyses. 

We studied both volume and signal intensity changes. Volumes of two brainstem regions (midbrain 

and pons) were obtained according to published methods (1) using an auxiliary workstation (Ultra 60; 

Sun Microsystems, Mountain View, CA) with commercially available software (Advantage Windows, 

version 4.0; GE Medical Systems). Intensity measures were obtained from two 6 mm radius spheres 

approximately located in the upper brainstem tegmentum (the region where voxel-based 

morphometry between-group differences were reported) and in the ventral-inferior pons (above the 

inferior pontine ‘notch’). After controlling for global volume, pontine volume was significantly larger in 

melancholic patients (patients (mean ± SD) = 19.4 ± 1.7 ml; controls (mean ± SD) = 18.5 ± 1.8 ml; t = 

2.54, p = 0.012). There were, however, no between-group differences in midbrain volume (patients 

(mean ± SD) = 5.2 ± 1.3 ml; controls (mean ± SD) = 4.9 ± 1.3 ml; t = 0.29, p = 0.775). Likewise, after 

controlling for global signal, the mean signal in the upper brainstem tegmentum sphere was 

significantly larger in patients than in controls (patients (mean ± SD) = 119.93 ± 16.50; controls (mean 

± SD) = 111.07 ± 10.28; t = 3.49, p = 0.001), whereas the mean signal in the ventral-inferior sphere 

did not differ between groups (patients (mean ± SD) = 121.59 ± 17.57; controls (mean ± SD) = 115.33 

± 11.01; t = 0.47, p = 0.641). 

 

Supplemental Note 2

We did not observe a significant group x time point interaction in relation to ROI based volumetric 

measures (pons or midbrain). On the contrary, signal intensity in the upper brainstem tegmentum 

showed a significant group x time point interaction (patients, 1st MRI (mean ± SD) = 119.98 ± 8.80; 

controls, 1st MRI (mean ± SD) = 111.29 ± 13.62; patients 2nd MRI (mean ± SD) = 115.27 ± 10.03; 

controls, 2nd MRI (mean ± SD) = 115.60 ± 8.19; interaction, t = 2.07, p = 0.044) that was not observed 

in the ventral-inferior pons. 

 

1. Schulz JB, Borkert J, Wolf S, Schmitz-Hübsch T, Rakowicz M, Mariotti C, et al. (2010): 

Visualization, quantification and correlation of brain atrophy with clinical symptoms in 

spinocerebellar ataxia types 1, 3 and 6. Neuroimage 49:158-68. 
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ABSTRACT 

Background: Partial response and non-response to treatments are common problems in major 

depression. The identification of biological markers of clinical response may be of special 

interest for some adjunctive treatments, such as repetitive transcranial magnetic stimulation 

(rTMS), as it may ultimately improve their cost-effectiveness.  

Objective: To identify pre-treatment functional imaging correlates of clinical response to rTMS in 

major depression. 

Methods: We evaluated 21 depressed patients. They were randomized to receive 15 sessions 

of active or sham rTMS on the left dorsolateral prefrontal cortex. Functional magnetic resonance 

imaging (fMRI) was used to assess pre-treatment regional brain activity evoked by a word 

generation task. These regional activations were correlated (voxel-wise) with the Hamilton 

Rating Scale for Depression (HAM-D) reduction between baseline and end of treatment. A 

group of 13 healthy controls was also assessed using the same fMRI protocol to obtain 

reference imaging measurements.  

Results: At the end of treatment, the percentage of patients with a HAM-D reduction greater 

than 50% was larger in the active than in the sham rTMS group (70% vs. 27.3%). In the active 

rTMS group, larger HAM-D reductions were significantly correlated with smaller deactivations 

during pre-treatment fMRI assessment in the anterior cingulate, the left medial orbitofrontal and 

the right middle frontal cortices, in addition to larger activations in the left ventral-caudal 

putamen.  

Conclusions: These results suggest that brain activity in regions arguably relevant for major 

depression may predict clinical response to rTMS. This approach may help in identifying 

the most suitable candidates to undergo rTMS treatment. 
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INTRODUCTION 

 

Major depression is a disabling mental condition with an estimated lifetime prevalence between 

6 and 17% in community samples (1, 2). According to STAR-D (Sequenced Treatment 

Alternatives to Relieve Depression), cumulative remission rate in major depression is 

approximately 67% after four treatment interventions which include switching and augmentation 

strategies (3). Therefore, partial response and non-response to antidepressant medication are 

common problems which entail significant health, social, and economic burdens (4). 

Importantly, it is also unclear why some depressive patients respond well and others respond 

poorly to the same treatment. For this reason, in recent years several biological correlates of 

response to antidepressant drugs or cognitive-behavioral therapy have been studied, including 

genetic, biochemical, electroencephalographic and neuroimaging data. The existence of such 

markers may eventually help in optimizing patient management by selecting the most adequate 

treatment strategies for particular subgroups of subjects. 

 

Neuroimaging studies have suggested that structural alterations both in gray and white matter 

may be valuable predictors of antidepressant response. Thus, gray matter volume reductions in 

the insula, the anterior cingulate, or the hippocampus have been related to a slower symptom 

recovery after treatment initiation (5, 6). Likewise, in geriatric depression, low remission rates 

have been related to the presence of several white matter abnormalities, such as periventricular 

and subcortical hyperintensities (7, 8) or microstructural alterations surrounding the anterior 

cingulate cortex (9).    

 

Functional neuroimaging has also been used to predict antidepressant treatment response. On 

the one hand, studies assessing brain activity at rest using positron emission tomography 

(18FDG-PET) have found a well-established correlation between clinical improvement and 

pretreatment activity in the prefrontal (10, 11) and the anterior cingulate (10, 12) cortices. On 

the other hand, functional magnetic resonance imaging (fMRI) assessments conducted during 

the performance of tasks known to be specifically altered in depressive samples have enabled 

the evaluation of brain systems putatively relevant to the disorder. In addition, fMRI allows us to 
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assess the predictive value of both signal increases (i.e., activations) and decreases (i.e., 

deactivations) observed during task performance in comparison to rest. In this sense, using 

different tasks, pretreatment activations in the anterior cingulate cortex (5, 13, 14), the 

ventromedial and dorsolateral prefrontal cortices (15, 16), the right parietal operculum and the 

fusiform gyrus (17), and the amygdala (18) have been shown to correlate with treatment 

response, while pretreatment deactivations in subgenual anterior cingulate cortex during a pain-

induction paradigm have also been related to a better response to treatment (16). 

 

The identification of biological markers of treatment response may be of special interest for 

those adjunctive treatments, such as repetitive transcranial magnetic stimulation (rTMS), in 

which efficacy is expected to be greater in particular subgroups of subjects (19, 20). Although 

biological markers may help in identifying the most suitable candidates to benefit from the 

treatment, very few studies have analyzed which biological markers predict rTMS treatment 

efficacy. In the case of neuroimaging, studies have identified an association between treatment 

response and regional brain metabolism, involving prefrontal cortex (21-24), anterior cingulate 

cortex (25) and amygdala (26). Likewise, treatment response has been associated to higher 

baseline task-evoked activations in left middle and right inferior frontal gyri using fMRI (27).  

 

The aim of this study was to identify pre-treatment functional imaging correlates of clinical 

response to rTMS aimed at the left dorsolateral prefrontal cortex (DLPFC) using a cognitive 

fMRI assessment based on a word generation task. Specifically, we used a phonologically 

guided verbal fluency task on the grounds of its procedural simplicity and reliability, and the fact 

that it evokes a widespread pattern of activations and deactivations involving regions usually 

reported to be altered in depression, such as a large area of the frontal and part of the temporal 

cortices and related subcortical structures (28-32). Indeed, verbal fluency alterations have been 

reported in depressive samples both at the behavioral (33) and imaging level (34, 35). After a 

baseline fMRI assessment, patients were treated with active or sham rTMS for a total of 15 

sessions. After this period, response to treatment was quantified and correlated with brain 

activations and deactivations observed before treatment initiation.  
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METHODS AND MATERIALS  

 

Subjects 

We assessed 21 depressive patients (16 women) consecutively recruited when referred to the 

Mood Disorders Unit of the Bellvitge University Hospital. This was a group of outpatients (mean 

age±SD=46.52±7.84 years), all right-handed, with non-psychotic major depressive or bipolar 

disorder who had not responded to at least one trial of an adequate depression treatment. All 

patients had received stable pharmacological treatment for at least 6 weeks, which remained 

unchanged during the study period. Patients met DSM-IV criteria for major depressive episode 

according to the Structured Clinical Interview for DSM-IV Axis I Disorders-Clinician Version 

(SCID-CV) (36). Clinical diagnosis was independently confirmed by two senior psychiatrists. 

Severity of depression was assessed by means of the Hamilton Rating Scale for depression 

(HAM-D, 21 item version (37)). At inclusion, the mean HAM-D score was 18.05±3.45, the mean 

duration of illness was 11.31±7.41 years, and the mean duration of the episode in progress was 

13.85±18.32 months. Exclusion criteria were presence or past history of other axis I diagnoses 

(assessed by means of the SCID-CV), presence or past history of neurological or other serious 

medical conditions (assessed by means of medical history), abnormal MRI upon visual 

inspection, and presence of any factor preventing MRI acquisition (according to an in-house 

questionnaire).  

 

Thirteen healthy control subjects (11 women) from the same sociodemographic environment 

were also evaluated to obtain reference imaging measurements. A detailed medical history and 

a psychiatric interview were performed before inclusion. Control subjects were of a similar age, 

gender distribution and educational level to the patient group. Table 1 displays the 

sociodemographic characteristics of the study groups, and Table 2 displays the clinical features 

of depressive patients.  

 

All subjects gave written informed consent to participate in the study, which was approved by 

the local ethics committee and was performed according to the ethical standards of the 

Declaration of Helsinki. 
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Study design and TMS protocol 

 

Depressive patients were randomized to receive active or sham rTMS conditions according to a 

double-blind design: 10 subjects (8 women) received active rTMS and 11 subjects (8 women) 

received sham treatment. All patients underwent a single fMRI session the day before treatment 

initiation. Control subjects underwent an fMRI session identical to that of depressive patients, 

but no treatment or follow-up was conducted. On the first day of rTMS treatment, the motor 

threshold was determined by identifying the minimum intensity that induced a visible movement 

of the flexed right thumb during the stimulation of the left motor cortex. Subsequently, the 

treatment stimulation site (left DLPFC) was determined as the point located 5 cm anterior to the 

optimal site for inducing thumb movement along a parasagittal line (38). The investigators 

marked the locations of interest (stimulation site, optimal site to induce thumb movement, and 

reference points such as the ear and the eyebrows) on a Lycra swim cap to facilitate the 

location of stimulation sites in posterior sessions (39). rTMS was administered by a trained 

psychiatrist over the left dorsolateral prefrontal cortex using a Magstim Rapid stimulator 

(Magstim Company, Ltd, Whitland, UK) with a figure-eight coil. Twenty 5-second trains (with a 

60-second interval between trains) at a frequency of 15 Hz were administered, giving a total of 

1500 TMS pulses per session. Patients received 15 sessions (5 sessions per week for 3 weeks) 

at an intensity of 100% of the motor threshold in the active rTMS condition. Sham rTMS was 

delivered at the same anatomical location but with the coil placed perpendicularly to the scalp 

and with a stimulation intensity of 15% of the motor threshold. A trained psychiatrist, blind to the 

rTMS condition of each patient, administered the HAM-D scale at baseline and on a weekly 

basis until the end of the rTMS treatment.   

 

fMRI procedure 

 

Image acquisition and preprocessing 

The MRI examination was carried out the day before the rTMS treatment was begun using a 

1.5-T Signa system (GE Medical Systems, Milwaukee, WI) equipped with a standard quadrature 
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head coil, echo-speed gradients, and single-shot echoplanar imaging software. Image 

acquisition parameters were: TR 3000 ms, TE 50 ms, pulse angle 90°, matrix of 96x64 pixels 

within a 24cm field of view, and slice thickness of 5mm with an interslice spacing of 2mm. Eight 

interleaved slices, parallel to the anterior–posterior commissure line, were obtained to cover the 

whole frontal lobe from the brain vertex to the frontal operculum. The functional time series 

consisted of 120 consecutive images acquired during a period of 6 minutes with alternating 30-

second on/off blocks. For structural MRI we obtained a sixty-slice 3-D SPGR sequence in the 

sagittal plane (TR 40ms, TE 4ms, pulse angle 30º, field of view 26cm, matrix size 256x192 

pixels, and section thickness of 2.5mm). 

 

Images were processed on a Microsoft Windows platform running MATLAB 7.0 (The 

MathWorks Inc, Natick, Mass) and SPM5 software (http://www.fil.ion.ucl.ac.uk/spm/). For each 

subject, motion correction of functional images was performed by realigning all volumes to the 

first volume of the time-series. Subsequently, these realigned volumes were co-registered 

(using rigid-body transformations) to the structural 3-D image of the same subject, which was 

then normalized (using affine and non-linear transformations) to the SPM T1 template.  

 

Normalization parameters were applied to the realigned and co-registered functional volumes, 

which were re-sliced into 2mm isotropic voxels and finally smoothed with an 8mm full width at 

half maximum (FWHM) Gaussian kernel. In parallel, structural MRIs were spatially normalized 

and segmented into gray matter, white matter and cerebro-spinal fluid segments using the 

unified segmentation approach (40). Resulting image segments were smoothed with a 12mm 

FWHM Gaussian kernel.  

 

Word generation task  

During the six-minute fMRI acquisition all subjects performed a phonologically-guided word 

generation task following a block design in which 30-second periods of rest and activation were 

alternated using an ABABABABABAB epoch succession. The task employed in our study was 

based on the Controlled Word Association Test (COWAT,(41)). Specifically, during activation 

blocks, subjects were required to generate words beginning with the letters ‘F’, ‘A’ or ‘S’. Each 
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letter was used twice in non-consecutive activation blocks according to a pseudo-random 

ordering. Participants were trained before imaging acquisition to articulate the words in their 

entirety but silently, with only slight tongue movements (“subvocal” responses). During rest 

blocks subjects were instructed to relax (i.e., stop generating words and keep their minds 

blank).  

 

 

Statistical Analyses 

Sociodemographic and clinical data 

Sociodemographic and clinical data were compared between groups within SPSS (v.15.0) using 

χ2 tests for categorical variables and Kruskal-Wallis and Mann Whitney’s U for continuous 

variables. Within the patient group, the variable “HAM-D reduction” was computed by 

subtracting the HAM-D score at the end of treatment from the HAM-D score at baseline. 

Significance threshold was set at p<0.05.  

 

Imaging data 

Imaging data were analyzed using SPM5. Regarding functional data, first-level (single-subject) 

SPM contrast-images were estimated for the contrast word generation > rest. In these analyses, 

the blood oxygen level-dependent (BOLD) response at each voxel was modeled using a 

canonical hemodynamic response function (with a 128-s high-pass filter). The resulting first-

level contrast images were then carried forward to second-level random-effects group analyses.  

 

In second-level group analyses, with the aim of delineating brain regions related to task 

performance, we firstly assessed for common, across-group brain activations and deactivations 

evoked by the task (Figure 1). Next, to assess for neuroimaging markers of rTMS treatment 

efficacy, HAM-D reduction was introduced as a covariate of interest in an SPM linear regression 

analysis aimed to evaluate correlations of this variable with voxel-wise activations and 

deactivations during word generation. Our analysis strategy was intended to detect brain 

regions whose activity was related to HAM-D reduction specifically in active rTMS patients. In 

addition, given the limited number of subjects per group, we also sought to balance between 
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Types I and II error rates. Therefore, regions showing a positive correlation with HAM-D 

reduction in active rTMS patients were identified, at a whole-brain level, using a p<0.01 

(uncorrected) significance threshold with an extent threshold of 10 voxels. Subsequently, 

restricting the analysis to the identified regions (i.e., masking-out non-significant voxels), we 

tested for the existence of between-group (active rTMS vs. sham) differences in the correlation 

between HAM-D reduction and brain activity using a p<0.05 significance threshold. In addition, 

using a three-group full factorial model, we assessed (across groups) whether each region was 

activated or deactivated during word generation, and we searched for potential between-group 

(patients vs. controls) differences within these regions. Regarding structural data, similar to 

functional analyses, potential interactions with treatment condition in the correlation of HAM-D 

reduction with voxel-wise gray matter volumes and between-group differences in regional gray 

matter volume were assessed. These analyses were performed both at the whole-brain level 

and restricted to the regions where significant findings were detected in the analyses of 

functional data. 

 

RESULTS 

 

Socio-demographic and clinical data 

Depressive patients did not differ from controls in any of the sociodemographic variables 

assessed. Within the patients’ sample, sham rTMS subjects were significantly older than active 

rTMS subjects (Table 1). To control for this difference, in all subsequent analyses age was 

introduced as a confounding covariate. As for clinical data, the only significant between-group 

difference was detected in the baseline HAM-D score, which was higher in the active rTMS 

group (Table 2). This variable, however, was not controlled for in subsequent analyses since we 

used HAM-D reduction as the main outcome clinical measurement. Although no significant 

between-group differences were detected in the percentage of HAM-D reduction at the end of 

treatment (54.6% in active rTMS group vs. 38.3% in sham rTMS group), the proportion of 

patients with clinical response (HAM-D reduction from baseline greater than 50%) was 

significantly larger in the active rTMS group (70%) than in the sham group (27.3%) (Table 2). 

  



 10 

 

Imaging data 

As expected, the phonologically-guided verbal fluency task evoked a widespread pattern of 

activations and deactivations. Activations were mainly located in the frontal cortex and related 

subcortical structures, while the deactivation pattern basically depicted the default mode 

network, including the medial frontal cortex, the posterior cingulate cortex and the angular gyri 

(Figure 1). To ensure all study subjects were actually engaging in the task, we made a subject-

wise verification of first-level data, detecting significant task-related prefrontal activations in all 

cases. In second-level analyses, we did not observe significant between-group differences in 

any pair-wise comparison (involving active rTMS patients, sham rTMS patients and healthy 

controls) at the whole brain level. Likewise, bipolar patients did not differ from the other 

depressive subjects in terms of their task-evoked activation patterns.  

 

Within the active rTMS group, HAM-D reduction at the end of treatment was positively 

correlated with pre-treatment activation during task performance in the left medial orbitofrontal 

cortex (BA 11), the right perigenual cingulate cortex (BA 24/32), the right middle frontal gyrus 

(BA 46), and the left ventral-caudal putamen. These correlations were significantly higher in 

patients who received active rTMS than in sham rTMS patients (Table 3 and Figure 2).  

 

Subsequently, we studied (across groups) whether these regions were activated or deactivated 

during task performance. While the left ventral-caudal putamen (t= 2.39; p=0.012) was activated 

by the task, the left medial orbitofrontal (t= 3.38; p=0.001), the right perigenual cingulate (t= 

8.31; p<0.0005) and the right middle frontal (t= 2.84; p=0.004) cortices were deactivated during 

task performance (Figure 1). Consequently, positive correlations observed between HAM-D 

reduction and brain activity in areas activated by the task (i.e., ventral-caudal putamen) should 

be interpreted as larger task-induced activations in subjects with greater symptomatic 

improvement, while positive correlations with brain activity in deactivated areas should be 

construed as smaller task-induced deactivations in subjects with larger symptomatic reduction. 

Finally, we assessed for potential between-group (depressive vs. healthy controls) differences 

in brain activity within these regions. The only significant difference was observed in the right 
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middle frontal gyrus, which was hyperactivated (i.e., less deactivated) in depressive patients in 

relation to healthy controls (t= 3.91, p<0.0005). Introducing the diagnosis (bipolar vs. unipolar) 

as a nuisance covariate marginally modified the above results. However, when the analyses 

were repeated excluding bipolar patients, the correlation between HAM-D reduction and left 

ventral-caudal putamen activation was no longer significant (t=1.07; p=0.143). 

 

Regarding structural data, we found no significant findings at the whole-brain level. Restricting 

these analyses to the above regions, we observed a positive correlation of the left medial 

orbitofrontal cortex (BA 11) volume with HAM-D reduction in patients who received active 

treatment. This finding was not observed in the sham group (interaction: t=3.62; p=0.001).  

 

DISCUSSION 

 

Our findings show that pretreatment regional brain activity during word generation is correlated 

to treatment response to rTMS in depressive patients. Specifically, we found that larger 

reductions in depressive symptoms following three weeks of rTMS treatment were significantly 

correlated with smaller deactivations in the right perigenual cortex, the left medial orbitofrontal 

cortex and the right middle frontal cortex, as well as with larger activations in the left ventral-

caudal putamen. Therefore, an initial conclusion that may be drawn from our results is that fMRI 

allows us to assess the value of task-evoked activations and deactivations as markers of 

treatment response. Furthermore, the correlations with clinical outcome were observed in a 

group of interconnected brain regions, involving prefrontal and ventrostriatal areas, which 

constitute an important cortical-subcortical network related to mood regulation and associated 

functions (42-44).  

 

Different sources of evidence have suggested that activity in the anterior cingulate cortex may 

be related to treatment response. Neuroimaging studies assessing depressive subjects have 

suggested that baseline hyperactivity and increased task-induced activations in the pregenual 

and subgenual anterior cingulate cortices are significant predictors of response to various 

antidepressant interventions including pharmacotherapy (5, 12, 13, 16, 45-47) (but see (48)), 
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sleep deprivation (49), rTMS (25) or cingulotomy (50). This idea has been confirmed in a recent 

meta-analysis of 23 studies of depressive samples showing a positive relationship between 

increased rostral anterior cingulate activity and treatment response across different treatment 

strategies and imaging modalities (51). Interestingly, the anterior cingulate cortex has been 

associated to treatment response not only in major depression, but also in anxiety conditions 

such as obsessive-compulsive (52, 53), generalized anxiety (54, 55) or post-traumatic stress 

(56) disorders, suggesting an unspecific involvement of anterior cingulate activity in the 

prediction of treatment response across different disorders.  

 

The positive relationship between reduced deactivations in the right perigenual cortex and 

HAM-D reductions detected in our study may be in line with these notions. According to 

previous reports, increased levels of activity and functional connectivity are expected in 

prefrontal and anterior cingulate cortices of subjects with depression (57-59), and, in this 

context, the reduced deactivations observed during task performance may be better explained 

by a high level of baseline activity than by a deficit in task-related deactivations. On the basis of 

such an argument, our findings may diverge from studies suggesting that hypometabolism (48, 

60, 61) and decreased task-induced activity (18, 62) in the anterior cingulate are significant 

predictors of treatment response. These apparently discordant results may reflect 

methodological differences between studies, such as the use of different protocols (e.g., 

emotional tasks) or imaging procedures. Nevertheless, it is also important to note that different 

treatment strategies may depend on different mechanisms of action (61, 63, 64). Indeed, it has 

been proposed that different ACC subdivisions may be related to treatment response as a 

function of treatment modality (51). Specifically, psychotherapy and pharmacotherapy may be 

targeting different brain regions related to top-down and bottom-up regulatory effects, 

respectively (18, 65).  

 

Beyond the anterior cingulate cortex, much less is known about the putative role of the other 

regions identified in this study as correlates of treatment response. As for the orbitofrontal 

cortex, some studies have suggested that pretreatment hypometabolism (66) and altered 

functional connectivity with the motor cortex, the caudate nuclei, the thalami and the cerebellum 
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(67) may be useful biomarkers of antidepressant response, as may also be the case with 

decreased deactivations of the right middle frontal gyrus during painful heat stimulation 

paradigms (16). Likewise, putaminal hypometabolism has also been suggested to be a 

biomarker of response in depressive samples (66), although, in the present study, this finding 

was no longer significant following the exclusion of bipolar patients. Although this may be due to 

the reduced number of patients remaining in the analyses, it is possible that the brain imaging 

correlates of rTMS response partially depend on the type of mood disorder. Nevertheless, all 

these regions have been consistently related to major depression in functional neuroimaging 

studies, indicating that, beyond their putative role as correlates of treatment response, they are 

indeed relevant to the disorder (68-70). Moreover, for all these regions there are also reports of 

structural alterations (i.e., volumetric reductions) in depressive samples (71-75) although, 

according to the results reported here, the volume of the left medial orbitofrontal cortex is the 

only significant correlate of a symptomatic reduction after a rTMS treatment. This partial lack of 

coincidence between functional and structural data suggests that these are indeed independent 

outcome measurements.  

 

Phonemic verbal fluency tasks such as the one used here involve executive-prefrontal 

functions, thus targeting cognitive domains putatively altered in depression. Specifically, brain 

activations evoked by phonemic verbal fluency tasks depend on the operations concerned with 

the generation of sound sequences as opposed to the amount of produced words or their 

semantics (31), and, in this sense, such tasks allow us to assess brain activity independently 

the performance level, which, in depression, may be hampered by other factors such as a low 

processing speed or other executive deficits. Consequently, we did not assess performance 

while carrying out the task, although such an independent measure would have permitted 

further control of confounding factors. Interestingly, however, on the basis of our imaging 

findings, we may conclude that task-evoked activity within this network should not differ 

between depressed subjects and healthy controls. Such a finding, which is partially in 

disagreement with our initial expectations (28, 29), suggests that variations in the brain 

processes supporting the generation of sound sequences may still be good correlates of clinical 

response to DLPFC stimulation even if they are within the normal range. Additionally, despite 
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the cognitive nature of the task, the pattern of task-evoked alterations/deactivations obtained 

was not restricted to dorsolateral prefrontal regions, as we also observed correlations with 

treatment response in regions supposedly related to emotional processing (e.g., perigenual 

cingulate cortex).  

 

Our study does, however, have certain limitations. Regarding study subjects, our sample size 

was relatively small, and although our results are in agreement with previous research, it would 

be important to replicate and extend these findings using a larger subject sample. Also, the 

existence of a concomitant drug therapy for both patient groups may have influenced the 

results. Nevertheless, as drug treatment status was not significantly different between sham and 

active rTMS groups and we observed no correlation between brain activity in the 

abovementioned regions and HAM-D reduction in sham rTMS subjects, our findings do seem to 

specifically refer to the rTMS treatment. Regarding rTMS protocol, the dorsolateral prefrontal 

cortex could have been more accurately located using neuronavigation-assisted approaches 

(76), leading to potentially more reliable imaging correlates of treatment response. 

Nevertheless, the use of the ‘5-cm rule’ is not uncommon in present-day clinical trials assessing 

antidepressant response to rTMS (77-79). Finally, regarding the MRI acquisition protocol, we 

did not cover the whole brain. In any case, we assessed the whole frontal lobe from the brain 

vertex to the frontal operculum, thus including all brain areas relevant to the word generation 

task.  

 

In summary, we have shown that pre-treatment MRI assessments may be useful in identifying 

biological markers of clinical response in depressed patients treated with rTMS. More 

specifically, our results suggest that brain structure and function (activations and deactivations) 

in brain regions relevant to emotional processing are good correlates of clinical response to an 

rTMS treatment in depressive subjects, even when a cognitive protocol is used. Further 

research is needed to elucidate the nature of the relationship between brain activity within these 

regions and the clinical outcome. Tentatively, activity within the brain regions identified here 

may relate to patients’ neural resources for rebalancing or normalizing brain function 

subsequent to treatment administration. Given the paucity of biological markers of response to 
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treatments such as rTMS, these findings are expected to contribute to the delineation of the 

most suitable candidates within depressive samples that may benefit from the application of 

rTMS (19, 20), which may ultimately lead to an increase in the cost-effectiveness of the 

treatment. 
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Table legends. 

 

Table 1. Socio-demographic characteristics of the study sample 

Table 2. Clinical characteristics and treatment status of depressed patients 

Table 3. Correlations (and between-group interactions) of BOLD activity during F-A-S 

performance with HAM-D reduction at the end of treatment 

 

 

Figure legends. 

 

Figure 1. Upper row: Regions of activation during the verbal fluency task across the three study 

groups. Lower row: Regions of deactivation during the verbal fluency task across the three 

study groups. Results are overlaid onto a normalized T1 image. Voxels are displayed at p<0.05 

(uncorrected) to provide a full description of the brain regions related to task performance. R 

denotes right hemisphere. x, y, z refer to the coordinates in standard MNI stereotactic space. 

Color bar represents T value. 

 

Figure 2. Left: regions showing a positive correlation with HAM-D reduction in active rTMS 

subjects (left). These correlations were not observed in the sham rTMS group. Right: plot of the 

correlation between brain activity and HAM-D reduction for one representative region (right 

perigenual cingulate cortex). Results are overlaid onto a normalized T1 image. Voxels are 

displayed at p<0.05 (uncorrected) to facilitate anatomical localization of findings. R denotes right 

hemisphere. x, y, z refer to the coordinates in standard MNI stereotactic space. Color bar 

represents T value. 



Figure 1



Figure 2



 

Table 1. Socio-demographic characteristics of the study sample 

  rTMS, repetitive Transcranial Magnetic Stimulation. 

a The subgroup of bipolar patients was representative of the whole depressive sample (Wilcoxon signed-rank test 

[age] and χ2 test [gender]).  

b p<0.05 between Active rTMS and Sham rTMS groups. No further differences were observed between 

groups. 

 

Socio-demographic variable 
Depressed patients (n=21) a Healthy controls (n=13) 

Active rTMS group (n=10) 

Mean (SD) 

Sham rTMS group (n=11) 

Mean (SD) 

 

Mean (SD) 

Age, years b 42.60 (5.56) 50.09 (8.11) 46.31 (7.34) 

 n (%), women n (%), women n (%), women 

Gender  8 (80%) 8 (72.7%) 11 (84.6%) 

Table 1



Table 2. Clinical characteristics and treatment status of depressed patients 

                                                                                                                                                                                                                           

 
Abbreviations: HAMD21, Hamilton Rating Scale for Depression (21 items version); SSRI, Selective Serotonin Reuptake 
Inhibitors 
a Active rTMS sample compared to sham rTMS sample (Mann-Whitney test for continuous variables, χ2 test for categorical 
variables). 
b Two-tailed. 
c The subgroup of bipolar patients was representative of the whole depressive sample in all baseline measurements (Wilcoxon 
signed-rank test).  
d Other treatments; antidepressants:  imipramine, clomipramine, amitriptiline, mirtazapine or trazodone; mood stabilizers (see 
Note1): lithium, lamotrigine or valproic acid; and olanzapine (see Note2). Occasional benzodiacepine intake was allowed for sleep 
induction.  
1 Four patients were taking mood stabilizers. All of them were taking lithium, two were also taking lamotrigine and one valproic acid. 
2 Two patients were taking olanzapine in combination with venlafaxine. 

Clinical variable 
Active rTMS group 

(n = 10) 

Sham rTMS group 

 (n = 11) 

Statistical 

Valuea 

(P  valueb) 

 

Diagnosis:  unipolar (UP) and bipolar (BP)c depression, n 
Duration of illness, mean±SD (range), years  

Duration of current episode, mean±SD (range), months 

 

HAMD21 score at inclusion,  mean±SD  

HAMD21 score after 1 week of treatment,  mean±SD 

HAMD21 score after 2 weeks of treatment,  mean±SD 

HAMD21 score at end of treatment,  mean±SD  

 

HAMD21 reduction 1 (inclusion-1st week),  mean±SD 

HAMD21 reduction 2 (inclusion-2nd week), mean±SD 

HAMD21 reduction 3 (Inclusion-end of treatment), mean±SD 

 

Subjects with HAMD21 reduction ≥ 50% (after 1 week),n(%) 

Subjects with HAMD21 reduction ≥ 50% (after 2 weeks),n(%) 

Subjects with HAMD21 reduction ≥ 50%(end of treatment),n(%) 

 

 

5 UP / 5 BP (3 BP-I / 2 BP-II) 

11.05 ± 7.1 (0.58-25) 

14.35 ± 21.6 (1-60.83) 

 

19.70 ± 3.8  

17.00 ± 3.59 

13.30 ± 5.03 

8.70 ± 5.056  

 

2.70 ± 2.80 

                 6.40 ± 4.35 

                9.80 ± 6.64 

 

0 (0%) 

3 (30%) 

7 (70%) 

 

10 UP / 1BP (BP-I) 

11.54 ± 8.0 (2-30) 

13.40 ± 15.85 (2-48.67) 

 

16.55 ± 2.4  

14.00 ± 5.12 

12.00 ± 5.69 

10.45 ± 4.7  

 

2.54 ± 4.13 

4.54 ± 4.61 

5.55 ± 4.18 

 

1 (9.1%) 

3 (27.3%) 

3 (27.3%) 

 

4.29 (0.063) 

52.5 (0.8) 

51.5 (0.8) 

 
26 (0.038) 
38 (0.251) 

51.5 (0.809) 

37 (0.22) 

 

45.5 (0.5) 

40.5 (0.3) 

32.5 (0.1) 

 

0.95 (0.34) 

 0.019 (0.89)  

3.83 (0.05) 

Treatment Status 

Stable medication (>6 weeks) at inclusion, n(%) 

    SSRI 

    SSRI with others d 

Venlafaxine 

Venlafaxine with others d 

    Other treatments d 

 

 

3 (30%) 

2 (20%) 

0 (0%) 

3 (30%) 

2 (20%) 

 

 

3 (27.3%) 

2 (18.2%) 

3 (27.3%) 

1 (9.1%) 

2 (18.2%) 

 

3.61 (0.46) 

Table 2



Table 3. Correlations (and between-group interactions) of BOLD activity during F-A-S performance with 
HAM-D reduction at the end of treatment 

 
Peak Coordinates 

 
Statistical Value 

Anatomical Location 

x y 
 
z 
 

t correlation* t interaction** 

-32 -2 
 

-8 
 

2.41 2.51 Left ventral-caudal putamen 

12 36 
 

-2 
 

2.58 3.54 Right perigenual cingulate cortex 

-18 46 
 

-14 
 

4.23 4.41 Left medial orbitofrontal cortex 

42 50 
 

-2 
 

4.49 3.30 Right middle frontal gyrus 

The statistic is Student-Fisher’s T . *p< 0.0 1; **p< 0.05. Coordinates (x,y,z) refer to the standard MNI stereotactic 
space.  

 

 

Table 3
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