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Abstract

Major depressive disorder (MDD) is accompanied by atypical brain structure. This study
first presents the alterations in the cortical surface of patients with MDD using multidimen-
sional structural patterns that reflect different neurodevelopment. Sixteen first-episode, un-
treated patients with MDD and 16 matched healthy controls underwent a magnetic
resonance imaging (MRI) scan. The cortical maps of thickness, surface area, and gyrifica-
tion were examined using the surface-based morphometry (SBM) approach. Increase of
cortical thickness was observed in the right posterior cingulate region and the parietal cortex
involving the bilateral inferior, left superior parietal and right paracentral regions, while de-
creased thickness was noted in the parietal cortex including bilateral pars opercularis and
left precentral region, as well as the left rostral-middle frontal regions in patients with MDD.
Likewise, increased or decreased surface area was found in five sub-regions of the cingu-
late gyrus, parietal and frontal cortices (e.g., bilateral inferior parietal and superior frontal re-
gions). In addition, MDD patients exhibited a significant hypergyrification in the right
precentral and supramarginal region. This integrated structural assessment of cortical sur-
face suggests that MDD patients have cortical alterations of the frontal, parietal and cingu-
late regions, indicating a vulnerability to MDD during earlier neurodevelopmental process.

Introduction

Major depressive disorder (MDD) is a disabling condition that includes symptoms of negative
emotion and dysfunctional cognition. Major depressive disorder (MDD) is also a major public
health concern, with a lifetime prevalence of about 16% [1]. Despite the widespread nature of
this illness, clinical psychiatrists still face difficulty in the early identification of MDD. This is
in part due to unclear underlying neurobiological mechanisms in MDD. In an effort to uncover
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these neurobiological mechanisms, researchers are increasingly utilizing neuroimaging meth-
ods, which indicate that regional alterations of brain structures are involved in depression [2].

One neuroimaging method is voxel-based morphometry (VBM). Previous studies using
VBM reported that patients with MDD showed reduced grey matter volume in the prefrontal
cortex [3], as well as reduced sub-cortical grey matter, (e.g., the thalamus and amygdala) [4].
However, other reports indicated that there was no change of grey matter volume in late-life
depression [5, 6]. A possible reason of these discrepancies is that volume measurements from
VBM are simultaneously contributed by many factors such as cortical thickness, surface area,
and cortical folding, which have distinct genetic and cellular mechanisms [7, 8]. This highlights
the importance of finding novel methods to study cortical morphologies in MDD specific
samples.

Surface-based morphometry (SBM) is one such novel approach that enables researchers to
capture multidimensional images of the brain in vivo. SBM can separately examine cortical
thickness, surface area and cortical folding [8]. These three measurements provide specific in-
dices that may reflect distinct developmental trajectories of cortex structures [9-11]. First, cor-
tical thickness might be a sensitive measurement of neuronal density [12, 13], which has been
used to assess mental disorders and related pathological changes [14, 15]. A majority of previ-
ous studies focused on late-onset depression, and found a decrease of cortical thickness in sev-
eral regions, such as anterior cingulate cortex (ACC), posterior cingulate cortex (PCC),
dorsolateral prefrontal cortex (DLPFC), and superior and middle temporal cortex [16-18].
However, these findings cannot be replicated by other studies even when using the same sam-
ples [5, 6]. Interestingly, these thinning cortical regions were partially observed in studies of
non late-onset depression including first-episode [19-23] and/or recurrent samples [19-23].
Counter to these findings, one recent study found thicker middle frontal gyrus and ACC in de-
pressive patients [19-23]. Second, the local surface area reflects the number and spacing of cor-
tical columns in a cortex region [24]. Qiu et al. reported an increase in the surface area of the
left parahippocampal gyrus in MDD patients [21]. However, there is currently a lack of other
studies examining the surface area of patients with depression. Third, the local gyrification
index (LGI) used to assess the degree of local cortical folding may be related to the developing
integrity of cortical and subcortical circuits [25]. Previous studies of gyrification in depression
provide various findings (e.g., decreased LGI in the bilateral mid-posterior cingulate, insular
[26] and medial surface regions including the precuneus regions [27]) as well as increased LGI
in the anterior regions (e.g., the left ACC [27]). To date, studies of cortical surface anatomical
patterns show discrepant findings in MDD.

The dysfunction of the “cortical-limbic circuit” has been implicated in depressive emotion
and accompanying cognitive deficits in depression [28-30]. The structural development of lim-
bic and prefrontal regions was further confirmed to be associated with the onset of adolescent
depression [31]. Cortical structures may be the primary components of this circuit by regulat-
ing emotional and cognitive processes (e.g., prefrontal cortex and cingulate cortex [32, 33]). Al-
though some reports have summarized structural changes in MDD (e.g., frontal cortex [2],
parietal cortex [34, 35], and cingulate cortex [16-18]) the distinct alterations of cortical struc-
tures need to be thoroughly studied in MDD. In the present study, we hypothesized that MDD
might have atypical cortical patterns involving cortical thickness, surface area or cortical fold-
ing, potentially located in the prefrontal, parietal and cingulate regions. To test this hypothesis,
in terms of the confounding factors (e.g., duration of disease and medication), we conducted
surface-based morphometry (SBM) analysis of the whole cortex to examine these three specific
indices in first-episode, unmedicated MDD patients by comparing them with healthy controls.
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Subjects and Methods
Subjects

Medication-naive patients with MDD were recruited from the outpatient clinics at Huashan
Hospital and Shanghai Mental Health Centre, Shanghai, China. Healthy subjects matched with
patients for age, sex, and education level were recruited through posters displayed in the two
psychiatric clinics. This study was approved by the Institutional Review Board of Shanghai
Mental Health Center. Written informed consent was obtained from all participants, following
description of the study. All recruits underwent interviews and assessments independently by
two psychiatrists, including the Structured Clinical Interview for DSM-IV (SCID), 24-item
Hamilton Depression Scale (HAMD) [36, 37], and 14-item Hamilton anxiety scale (HAMA).

Inclusion criteria for depressed subjects were as follows: (a) aged 25-50 years; (b) met
DSM-1V diagnosis criteria of MDD, first episode; (c) medication-naive (d) 24-HAMD
score > 20 [36], 14-HAMA score < 7, and (e) seeking outpatient treatment. Exclusion criteria
were as follows: (a) currently or in the past meeting criteria for any other DSM-IV Axis I disor-
der (e.g., schizophrenia, schizoaffective disorder, bipolar disorder, or anxiety disorder as prima-
ry diagnosis); (b) taking any prescription or psychotropic medications in the past 4 weeks; (c)
acutely suicidal, homicidal or requiring inpatient treatment; (d) meeting criteria for substance
dependence within the past year (excluding caffeine or nicotine); (e) positive urinary toxicology
screening at baseline; (f) use of alcohol in the past week; (g) serious medical or neurological ill-
ness; (h) currently pregnant or breastfeeding or (i) metallic implants or other contraindications
to magnetic resonance imaging (MRI).

Healthy controls (HC) were included if they met the following criteria: (a) aged 25-50 years;
(b) no history of psychiatric illness or substance abuse/dependence; (c) no family history of
major psychiatric or neurological illness in first degree relatives; (d) not currently taking any
prescription or psychotropic medications; (e) no use of alcohol in the past week and; (f) no se-
rious medical or neurological illness. Exclusion criteria for the control group included: (a) preg-
nant or breastfeeding, or; (b) metallic implants or other contraindications that inhibited MRI.

In total 16 patients with MDD and 16 healthy controls were recruited using the above
screening procedures, as well as the inclusion/exclusive criteria. All participants were verified
as being right-handed with the right eye being dominant.

Data acquisition

Participants were scanned using a 3.0-T General Electric Signa scanner with a standard whole-
head coil. A high-resolution T1-weighted spoiled grass gradient sequence was used to acquire
structural data. The imaging parameters were: 146 coronal slices, 1 mm thickness, slice gap = 0,
repeat time (TR) = 500 ms, echo time (TE) = 14 ms, flip angle = 15°, field of view = 24x24 cm?,
and image resolution = 0.9375x0.9375x1 mm®. The scanning time was 5 minutes.

Data processing

The FreeSurfer software package was used to process the images (version 5.3.0, http://surfer.
nmr.mgh.harvard.edu/). The procedures were based on previous reports [38]. Briefly, it includ-
ed removal of non-brain voxels from each subject’s T1-weighted magnetic resonance imaging
scan, transformation to standard space, and segmentation of the grey-white matter tissues. The
grey-white boundary was represented with a polygonal tessellation, and topological correction
was performed. This surface was then deformed outwards to locate the pial surface (i.e., bound-
ary between cerebrospinal fluid (CSF) and grey matter). We reviewed all obtained cortical sur-
faces, and minimal manual editing was performed at inaccurate segmentations. The generated
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cortical surfaces were validated by comparing them to the manual measures on MRI data [38-
40]. Cortical thickness was computed at each vertex as the average distance between the grey-
white surface and pial surface. Surface area for each vertex was calculated on the pial surface,
representing the area of the tessellated triangles linked to the vertex. The local cortical folding
for each vertex was measured by means of local gyrification index (LGI), which took into ac-
count the ratio of local surface area to the outer hull layer that tightly wraps the pial surface
[41], and was extended from the two-dimensional gyrification measurement [42]. The LGI
value is an indication of sulcal cortex buried in its locality and thus denotes the extent of corti-
cal folding [40].

Statistical analysis

SPSS 17.0 was used for statistical analysis. Two sample t-tests were used to compare the demo-
graphic characteristics between groups. Chi-square test was used to measure the difference of
gender distribution. For each vertex, a general linear model (GLM) was used to detect the sig-
nificance of differences in cortical thickness, surface area, and LGI between the patients with
MDD and controls, respectively. The confounding factors were regressed out, including age,
gender, education, and an overall measurement. This overall measurement refers to the mean
cortical thickness, total surface area, and average LGI of each individual subject, respectively.
The smoothing kernel of 15 mm was applied before group comparisons at the level of each
vertex.

Results

The demographic and clinical data are summarized in Table 1. The two groups were matched
for age, gender, and education level (p>0.05). Mean age of onset was 33.25 + 6.98, and the
mean duration of illness was 8.01 + 4.19 weeks in the MDD group. The MDD group had signif-
icantly higher HAMD scores and higher HAMA scores than the control group (p<0.0001).

Cortical thickness

The mean cortical thickness of both the MDD group and healthy control group is shown in Fig
A in S1 File. Both significantly increased and decreased cortical thickness was found in MDD
patients compared to healthy controls (p<0.05 by multiple comparisons correction using False
Discovery Rate (FDR), cluster size>200 vertices) [43]. These cortices with increased thickness
included the right inferior parietal region, right paracentral region, right transverse temporal
region, right posterior cingulate region, left superior parietal region, left inferior parietal region,

Table 1. Demographic and clinical characteristics.

Depressed patients (n = 16) Healthy subjects (n = 16) Significance (P)

Age (years) 34.43+£6.72 33.75 +6.36 0.77

Gender (male/female) 7/9 7/9 =

Education level 15.63+1.99 15.81+2.48 0.82

Age on set (years) 33.25+6.98 — —

Duration of illness (weeks) 8.01+ 4.19 = =

24-item HRSD Score 30.88 + 7.69 3.81+1.05 <0.0001*
14-item HAMA Score 5.62+0.72 3.31+1.25 <0.0001*

Significance was evaluated using two sample t-test.

* denotes significance found.

doi:10.1371/journal.pone.0120704.t001
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and left lateral occipital region. Those with decreased thickness were located in the right middle
temporal region, right pars opercularis, left pars opercularis region, left rostral-middle frontal
region, and left precentral region (Table 2, Fig. 1 and Fig. D in S1 File).

Surface area

The mean surface area of both the MDD group and healthy control group is shown in Fig. B in
S1 File. The cortices with significantly increased surface area in patients with MDD (as com-
pared with healthy controls) included the right isthmus cingulate region, right superior frontal
region, and left inferior parietal region. In contrast, the cortices with significantly decreased
surface area in patients with MDD included the left transverse temporal region and right inferi-
or parietal region. The statistical threshold was set to p < 0.05 with FDR corrected and cluster
size > 200 vertices (Table 3, Fig. 2, Fig. E in S1 File).

Local gyrification index

The mean LGI of both the MDD group and healthy control group is shown in Fig. C in S1 File.
There was significant hyper-gyrification in the MDD group in the right precentral and supra-
marginal regions in comparison to the healthy group (P < 0.05, FDR corrected, and cluster
size > 200 vertices) (Table 4, Fig. 3, Fig. F in S1 File). No lower level of gyrification was found
in MDD group.

Discussion

To the best of our knowledge, this is the first multidimensional assessment of cortical anatomy
in first-episode, MDD patients without medication, measuring cortical thickness, surface area
and cortical folding. Although these three cortical attributes reflect different aspects of neurobi-
ological developments of cortical structures, atypical sub-regions, located in the frontal,

Table 2. Cortex areas with altered cortical thickness in patients with major depressive disorder, compared to healthy controls.

Regions Hemisphere Cluster size MNI coordinates (Maximum vertex) t Value
X y z
MDD>HC
Inferior parietal R 698 42 -67 48 3.28
R 390 50 -52 24 3.14
Paracentral R 557 14 -24 42 2.89
Superior parietal L 473 I8 -92 23 2.97
Transverse temporal R 318 50 -22 7 3.93
Inferior parietal L 295 =31 -82 33 3.15
Posterior cingulate R 216 1 -3 35! 2.80
Lateral occipital L 212 -34 -86 6 3.14
HC> MDD
Middle temporal R 947 68 -37 -5 -2.47
Pars percularis L 559 -43 15 1 -2.47
Rostral-middle frontal L 353 -40 47 20 —2.47
Precentral L 306 -38 -15 51 -2.48
Pars opercularis R 283 42 19 21 -2.47

MDD: major depressive disorder. HC: healthy control. L: left; R: right. MNI: Montreal Neurological Institute. P < 0.05 FDR corrected, Cluster

size > 200 vertices.

doi:10.1371/journal.pone.0120704.t002
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Fig 1. The clusters with significantly different cortical thickness projected onto the average cortical
surface. Lateral view and medial view by inflated surfaces, color-coded by t-scores. Red means that MDD
has higher thickness than that of controls, and blue means that MDD has lower thickness than that of
controls. P < 0.05, FDR corrected, cluster size > 200 vertices.

doi:10.1371/journal.pone.0120704.g001

parietal, and cingulate cortexes, were commonly observed in MDD. These regions have been
assumed to regulate function of the cortical-limbic circuit, which may contribute to clinical
symptoms of depression (e.g., depressive emotion and dysfunctional cognitions) [28-30].
These disrupted alterations of cortical structures are helpful to delineate the neuropathological
process of MDD during the early stage.

Table 3. Cortex areas with altered cortical surface areas in patients with major depressive disorder, compared to healthy controls.

Region Side Cluster size MNI coordinates (Maximum vertex) t Value
X y z

MDD>HC

Isthmus cingulate R 1473 16 -48 -1 3.80
Superior frontal R 958 15 -4 72 2.94
Inferior parietal L 799 -50 -59 44 3.17
HC> MDD

Transverse temporal L 754 -40 -24 1 —2.47
Inferior parietal R 359 38 -48 40 —2.47

MDD: major depressive disorder. HC: healthy control. L: left; R: right. MNI: Montreal Neurological Institute. P < 0.05 FDR corrected, Cluster
size > 200 vertices.

doi:10.1371/journal.pone.0120704.t003
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Fig 2. The clusters with significant different local surface area projected onto the average cortical
surface. Lateral view and medial view by inflated surfaces, color-coded by t-scores. Red means that MDD
has higher surface area than that of controls, and blue means that MDD has lower surface area than that of
controls. P < 0.05 FDR corrected, cluster size > 200 vertices.

doi:10.1371/journal.pone.0120704.g002

Cortical thickness

We observed seven regions with increased cortical thickness. The current findings are partly
consistent with two recent studies of first-episode MDD showing increased cortical thickness
in the temporal pole, and cingulate cortex [44], as well as in the frontoparietal regions, and
supramarginal gyrus [21]. First, increased thickness of the parietal cortex included four sub-re-
gions: bilateral inferior parietal, left superior parietal, and the right paracentral region, which is
believed to play a role in the interpretation of sensory information (e.g. the perception of emo-
tions in facial stimuli) [45]. MDD patients usually suffer from atypical emotional perception,

Table 4. Brain areas with different local gyrification index in patients with major depressive disorder,
compared to healthy controls.

Region Side Cluster size MNI coordinates t Value
(Maximum vertex)

X y z
MDD>HC
Precentral R 2011 24 -27 53 3.17
Supramarginal R 564 50 -37 49 2.81

MDD: major depressive disorder. HC: healthy control. L: left; R: right. MNI: Montreal Neurological Institute.
P < 0.05 FDR corrected, Cluster size > 200 vertices.

doi:10.1371/journal.pone.0120704.t004
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Fig 3. The clusters with significant different LGl projected onto the average cortical surface. Lateral
view and medial view by inflated surfaces, color-coded by t-scores. Red means that MDD has higher local
gyrification than that of controls. P < 0.05 FDR corrected, cluster size > 200 vertices.

doi:10.1371/journal.pone.0120704.g003

which may be related to changes in the parietal lobe [46, 47]. Second, the transverse temporal
cortex is linked to the primary sensory cortical areas and processes auditory information [48,
49]. Norepinephrine, as one of the neurotransmitters that modulate the function of the primary
auditory cortex [48], has been shown to be decreased in patients with MDD [50, 51]. Third, the
lateral occipital cortex is involved in the processing of visual information. MDD is often char-
acterized by negative response to emotional stimuli in the visual cortex [52]. Finally, the poste-
rior cingulate region may hold an important role among all these regions with increased
cortical thickness. The posterior cingulate region is a core region of the default mode network
(DMN) constructed by resting-state fMRI data [53]. The DMN integrates aforementioned re-
gions, such as the parietal cortex and the joint regions of both temporal and occipital cortices.
This functional network is responsible for self-directed mental processes [54, 55]. Converging
evidence has indicated abnormal DMN in patients with MDD [56-58]. Since structural con-
nectivity has been shown to be the base of a functional network [59], our findings provide
structural level evidence that supports a connection between atypical DMN and the mental
process seen in MDD, such as abnormal emotional perception of visual-auditory stimuli.

The decrease of cortical thickness was observed in two areas located in the right hemisphere
(middle temporal, and pars opercularis regions) and three areas in the left hemisphere (involv-
ing the rostral-middle frontal, precentral and pars opercularis regions). A recent study did not
observe any decreased cortical thickness in patients with untreated first-episode MDD [21].
This discrepancy might be attributed to the sample heterogeneity between these two studies.
The mean duration of illness in our cases was 8 weeks, which is significantly shorter than the
mean duration of illness of 17.4 weeks seen in Qiu et al’s study [21]. Despite the above
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mentioned differences, our findings of decreased cortical thickness are supported by multiple
studies of late-onset depression [16-18]. Our study found decreased cortical thickness in the
following areas. First, the rostral-middle frontal region (which is related to the DLPFC) is in-
volved in the cognitive processes of attention and memory [60]. Second, the bilateral pars oper-
cularis form a portion of Broca’s area together with the frontal operculum that is responsible
for the processing of speech-language [61]. Third, the middle temporal region is part of extra-
striate visual cortex, which is known to be connected with the recognition of familiar faces [62,
63]. Finally, the precentral region plays a role in the planning and executing of movements,
and is associated with other motor areas (e.g., supplementary motor and premotor cortex)

[64]. Interestingly, deficits of cognitive processing (e.g., attention and working memory) are
often observed in patients with MDD [65, 66]. Patients with MDD often also suffer from symp-
toms of psychomotor retardation [67-69]. These symptoms of dysfunctional cognition and
psychomotor retardation may be observed in both first-episode and late-onset depression; the
decreased cortical thickness found in our first-episode cases is also located in most of those re-
gions with thinner cortex reported in the late-onset depression cortex [16-18]. This evidence
could indicate that anatomical alterations predict the structural markers in MDD, and are fur-
ther linked to clinical symptoms (e.g., cognitive defects and retardation) seen in MDD. Howev-
er, these two issues remain to be determined in longitudinal studies.

Cortical Surface Area

There are few reports on the cortical surface area in MDD that can be used to compare with
the present findings. An aforementioned study revealed an increasing trend of surface area in
the left parahippocampal gyrus in MDD [21], which was not replicated in our finding. During
different periods of illness, there may be different spatial patterns of the cortical surface area.
The significantly earlier stage of illness of our cases may explain the inconsistency between
these two studies. In our study, increased surface area was observed in the right isthmus cingu-
late cortex and superior frontal region, as well as in the left inferior parietal cortex. In contrast,
decreased surface area was found in the left transverse temporal region and the right inferior
parietal region. There are several regions overlapping with each other among those cortical
areas with altered surface area or cortical thickness (e.g., the frontal region, parietal region and
cingulate cortex) while the regions with altered surface area are partially inconsistent with the
regions with altered cortical thickness. These two anatomical measurements reflect different
patterns of the structural physiology, but in patients with MDD structural alterations were
found in similar specific regions in the cortex when using a cortical thickness index or a surface
area index. Furthermore, the cortical volumes can be calculated by combining these two pa-
rameters. Most of the previous studies on MDD reported reduced cortical volumes, in areas
such as the prefrontal cortex [3], thalamus and amygdala [4]. Several studies of MDD also re-
ported increased volumes in certain areas (e.g., in the precuneus and angular gyrus) [70, 71].
Differences of sample characteristics, such as medication effects, level of severity and duration
of illness, might impact the morphometric patterns. Although the measures are different be-
tween cortical volume and surface patterns, the consistent findings among different studies
suggests that surface indices contribute to variance in cortical volume. Previous reports of al-
tered cortical volume in MDD predicted the possibility of both increased and decreased surface
areas among different cortical regions. Thus, our findings of surface area may provide one po-
tential reference in cortical changes for early stage MDD.

PLOS ONE | DOI:10.1371/journal.pone.0120704 March 20, 2015 9/16
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Local Gyrification Index

This study observed increased LGI in the MDD group located in the right precentral region
and supramarginal region, which were also regions overlapping the areas with altered cortical
thickness. Our findings were not consistent with two previous studies of LGI in depression. In
patients with recovered-state MDD, Nixon et al found decreased LGI in the precuneus and in-
creased LGI in the left ACC [27]. Among first-episode MDD samples without medication,
Zhang et al reported that the MDD group exhibited decreased LGI in specific regions (e.g., the
frontal cortex and the cingulate regions) [26]. The illness durations of samples are different
among these three studies. The Nixon’s report was to explore the cortical gyrification abnor-
malities within recovered-state MDD [27]. Both our samples and the samples in Zhang’s study
are first episode. However, our samples are during the acute period (2.0+1.1 months), unlike
the participants in Zhang’s study (6.7+3.9 months) [26]. Importantly, the LGI used to assess
the degree of local cortical folding may be related to the developing integrity of cortical and
subcortical circuits [25]. As during different duration of illness, the patterns of integrity might
be different, the differences in results could reflect the different integrity related to illness dura-
tion. The cortical folding results from the differential growth rates among all kinds of cortical
layers during brain convolution development [72]. The axon tension in white matter also af-
fects the folding patterns during cortex development [73]. Theoretically, the defects of gyrifica-
tion may reflect atypical neurodevelopment in MDD. Thus, the hypergyrification found in the
right precentral and supramarginal regions in this study likely represents the earlier alterations
of cortical folding in MDD.

The precentral gyrus with hypergyrification observed in this study is part of the primary
motor cortex, which is relevant to the initiation of movement by integrating information from
the sensorimotor cortex [74]. The large corticospinal neurons typically present in this region
[75], while the dopaminergic projection to the primary motor cortex mediates the biochemical
pathway of movement [76]. Interestingly, psychomotor retardation is often observed in the
MDD described above as an important clinical symptom because of dysfunctional dopamine
pathways [77-79]. In a diffusion tensor imaging study, an association was confirmed between
psychomotor retardation and alterations of white matter pathways involving the motor cortex
[68]. Using fMRI methods, patients with MDD showed increased functional connectivity
among the precentral gyrus and other sensorimotor systems (e.g., DLPFC and ACC) [80]. Al-
though the methodologies are different, the findings of these neuroimaging studies may be
helpful in explaining the clinical meanings of hypergyrification within this region in MDD.
This finding further supports a notion that depression is characterized by atypical function of
the sensory-motor circuit, using the evidence of altered gyrification in the precentral region
[81].

A recent study extends the basic function of the supramarginal area to the social cognition
processes related to affective states [82]. There are fewer reports on altered supramarginal
gyrus in MDD, although one recent study of MDD found thicker cortex in the right supramar-
ginal region [21]. Likewise, humans use the self as a reference to perceive the world based on
the self-referential projection model [83, 84]. Clinically, patients with MDD often are charac-
terized by disrupted self-rumination [85, 86], and over-general autobiographical memory
(OGM) from negative life events [87]. The hypergyrification in the supramarginal region
found in this study may demonstrate a novel explanation for the aforementioned social cogni-
tive symptoms accompanying MDD.

Although this study provides somewhat new insight into the cortical surface patterns in
MDD, there are still some limitations in our study. First, the current findings contain many re-
gions of the cerebral cortex. We need to further focus on the specific brain areas with potential
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biomarkers by combining other approaches (e.g., neurotransmitter and neuropathology). Sec-
ond, sub-cortical structures, such as the thalamus and amygdala, that are supposed to under-
line some clinical characteristics of MDD, cannot be measured using this approach. Third, our
sample size is small and therefore any structural changes found in the cortex should be inter-
preted with caution; we plan to recruit more samples with MDD to further investigate this
issue. Finally, our current study is cross-sectional in design. As the morphological patterns may
be varied in different stages of illness, further longitudinal studies are needed to differentiate
the variations underlying the illness periods.

Conclusions

The present study extends previous anatomical investigations of MDD by using multidimen-
sional assessments of the whole cortex. Our findings identify specific cortical areas with surface
morphological alterations in first-episode MDD patients not taking medication, mainly involv-
ing the frontal region, parietal region, and cingulate region. The atypical surface patterns con-
firm our hypothesis that the cortical changes may be observed by multiple parameters of
cortical thickness, surface area, and cortical folding, and may predict the earlier neurodevelop-
mental markers in MDD. The underlying pathophysiological connections of these alterations
in the cortical surface to clinical symptoms (e.g., negative emotional process, dysfunctional
cognition, and psychomotor retardation) need to be further clarified.

Supporting Information

S1 File. Supporting Information file containing Figures A-F. Fig. A. Average cortical thick-
ness (mm) on the whole brain cortices of both MDD patient group and healthy control group.
MDD: major depressive disorder; HC: healthy control. Fig. B. Average local surface area
(mm®) on the whole brain cortices of both MDD patient group and healthy control group.
MDD: major depressive disorder; HC: healthy control. Fig. C. Average local gyrification index
on the whole brain cortices of both MDD patient group and healthy control group. MDD:
major depressive disorder; HC: healthy control. Fig. D. The clusters with significantly different
cortical thickness projected onto the average cortical surface. Lateral view and medial view by
original surfaces, color-coded by t-scores. Red means that MDD has higher thickness than that
of controls, and blue means that MDD has lower thickness than that of controls. P < 0.05,
FDR corrected, cluster size > 200 vertices. Fig. E. The clusters with significant different local
surface area projected onto the average cortical surface. Lateral view and medial view by origi-
nal surfaces, color-coded by t-scores. Red means that MDD has higher surface area than that of
controls, and blue means that MDD has lower surface area than that of controls. P < 0.05 FDR
corrected, cluster size > 200 vertices. Fig. F. The clusters with significant different LGI pro-
jected onto the average cortical surface. Lateral view and medial view by original surfaces,
color-coded by t-scores. Red means that MDD has higher local gyrification than that of con-
trols. P < 0.05 FDR corrected, cluster size > 200 vertices.

(DOC)

Acknowledgments

The authors acknowledge all physicians who made an essential contribution in the following
hospitals: Shanghai Mental Health Center (Shanghai Jiaotong University School of Medicine),
The Fifth People’s Hospital of Shanghai (Fudan University), Huashan Hospital (Fudan Univer-
sity), and post-doctoral fellows who helped to analyze the data in Department of Radiology
and BRIC (University of North Carolina, Chapel Hill, NC, USA).

PLOS ONE | DOI:10.1371/journal.pone.0120704 March 20, 2015 11/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120704.s001

@’PLOS | ONE

Mapping Cerebral Surface of MDD

Author Contributions

Conceived and designed the experiments: DHP FS KDJ DGS YREF. Performed the experiments:
DHP TS MHQ JL. Analyzed the data: DHP FS GL. Wrote the paper: DHP FS GL DGS DF.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Kessler RC, Berglund P, Demler O, Jin R, Merikangas KR, Walters EE. Lifetime prevalence and age-
of-onset distributions of DSM-IV disorders in the National Comorbidity Survey Replication. Arch Gen
Psychiatry. 2005; 62(6):593—-602. PMID: 15939837

Koolschijn PC, van Haren NE, Lensvelt-Mulders GJ, Hulshoff Pol HE, Kahn RS. Brain volume abnor-
malities in major depressive disorder: a meta-analysis of magnetic resonance imaging studies. Hum
Brain Mapp. 2009; 30(11):3719-3735. doi: 10.1002/hbm.20801 PMID: 19441021

Salvadore G, Nugent AC, Lemaitre H, Luckenbaugh DA, Tinsley R, Cannon DM, et al. Prefrontal corti-
cal abnormalities in currently depressed versus currently remitted patients with major depressive disor-
der. Neuroimage. 2011; 54(4):2643-2651. doi: 10.1016/j.neuroimage.2010.11.011 PMID: 21073959

Li CT, Lin CP, Chou KH, Chen IY, Hsieh JC, Wu CL, et al. Structural and cognitive deficits in remitting
and non-remitting recurrent depression: a voxel-based morphometric study. Neuroimage. 2010; 50
(1):347-356. doi: 10.1016/j.neuroimage.2009.11.021 PMID: 19931620

Colloby SJ, Firbank MJ, Vasudev A, Parry SW, Thomas AJ, O'Brien JT. Cortical thickness and VBM-
DARTEL in late-life depression. J Affect Disord. 2011; 133(1-2):158—164.

Koolschijn PC, van Haren NE, Schnack HG, Janssen J, Hulshoff Pol HE, Kahn RS. Cortical thickness
and voxel-based morphometry in depressed elderly. Eur Neuropsychopharmacol. 2010; 20(6):398—
404. doi: 10.1016/j.euroneuro.2010.02.010 PMID: 20227249

Hester R, Nestor L, Garavan H. Impaired error awareness and anterior cingulate cortex hypoactivity in
chronic cannabis users. Neuropsychopharmacology. 2009; 34(11):2450-2458. doi: 10.1038/npp.2009.
67 PMID: 19553917

Voets NL, Hough MG, Douaud G, Matthews PM, James A, Winmill L, et al. Evidence for abnormalities
of cortical development in adolescent-onset schizophrenia. Neuroimage. 2008; 43(4):665-675. doi: 10.
1016/j.neuroimage.2008.08.013 PMID: 18793730

Li G, Nie J, Wang L, Shi F, Lin W, Gilmore JH, et al. Mapping region-specific longitudinal cortical sur-
face expansion from birth to 2 years of age. Cereb Cortex. 2013; 23(11):2724—2733. doi: 10.1093/
cercor/bhs265 PMID: 22923087

Li G, Wang L, ShiF, Lyall AE, Lin W, Gilmore JH, et al. Mapping longitudinal development of local corti-
cal gyrification in infants from birth to 2 years of age. J Neurosci. 2014; 34(12):4228-4238. doi: 10.
1523/JNEUROSCI.3976-13.2014 PMID: 24647943

Lyall AE, Shi F, Geng X, Woolson S, Li G, Wang L, et al. Dynamic Development of Regional Cortical
Thickness and Surface Area in Early Childhood. Cereb Cortex. 2014.

Pontious A, Kowalczyk T, Englund C, Hevner RF. Role of intermediate progenitor cells in cerebral cor-
tex development. Dev Neurosci. 2008; 30(1-3):24-32. doi: 10.1159/000191212 PMID: 19127062

la Fougere C, Grant S, Kostikov A, Schirrmacher R, Gravel P, Schipper HM, et al. Where in-vivo imag-
ing meets cytoarchitectonics: the relationship between cortical thickness and neuronal density mea-
sured with high-resolution [18F]flumazenil-PET. Neuroimage. 2011; 56(3):951-960. doi: 10.1016/j.
neuroimage.2010.11.015 PMID: 21073964

Habets P, Marcelis M, Gronenschild E, Drukker M, van Os J. Reduced cortical thickness as an outcome
of differential sensitivity to environmental risks in schizophrenia. Biol Psychiatry. 2011; 69(5):487-494.
doi: 10.1016/j.biopsych.2010.08.010 PMID: 20951979

Almeida LG, Ricardo-Garcell J, Prado H, Barajas L, Fernandez-Bouzas A, Avila D, et al. Reduced right
frontal cortical thickness in children, adolescents and adults with ADHD and its correlation to clinical
variables: a cross-sectional study. J Psychiatr Res. 2010; 44(16):1214—1223. doi: 10.1016/j.jpsychires.
2010.04.026 PMID: 20510424

Lim HK, Jung WS, Ahn KJ, Won WY, Hahn C, Lee SY, et al. Regional cortical thickness and subcortical
volume changes are associated with cognitive impairments in the drug-naive patients with late-onset
depression. Neuropsychopharmacology. 2012; 37(3):838—849. doi: 10.1038/npp.2011.264 PMID:
22048467

Mackin RS, Tosun D, Mueller SG, Lee JY, Insel P, Schuff N, et al. Patterns of reduced cortical thickness
in late-life depression and relationship to psychotherapeutic response. Am J Geriatr Psychiatry. 2013;
21(8):794-802. doi: 10.1016/j.jagp.2013.01.013 PMID: 23567394

Kumar A, Ajilore O, Zhang A, Pham D, Elderkin-Thompson V. Cortical Thinning in Patients With Late-
Life Minor Depression. Am J Geriatr Psychiatry. 2012.

PLOS ONE | DOI:10.1371/journal.pone.0120704 March 20, 2015 12/16


http://www.ncbi.nlm.nih.gov/pubmed/15939837
http://dx.doi.org/10.1002/hbm.20801
http://www.ncbi.nlm.nih.gov/pubmed/19441021
http://dx.doi.org/10.1016/j.neuroimage.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21073959
http://dx.doi.org/10.1016/j.neuroimage.2009.11.021
http://www.ncbi.nlm.nih.gov/pubmed/19931620
http://dx.doi.org/10.1016/j.euroneuro.2010.02.010
http://www.ncbi.nlm.nih.gov/pubmed/20227249
http://dx.doi.org/10.1038/npp.2009.67
http://dx.doi.org/10.1038/npp.2009.67
http://www.ncbi.nlm.nih.gov/pubmed/19553917
http://dx.doi.org/10.1016/j.neuroimage.2008.08.013
http://dx.doi.org/10.1016/j.neuroimage.2008.08.013
http://www.ncbi.nlm.nih.gov/pubmed/18793730
http://dx.doi.org/10.1093/cercor/bhs265
http://dx.doi.org/10.1093/cercor/bhs265
http://www.ncbi.nlm.nih.gov/pubmed/22923087
http://dx.doi.org/10.1523/JNEUROSCI.3976-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.3976-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24647943
http://dx.doi.org/10.1159/000191212
http://www.ncbi.nlm.nih.gov/pubmed/19127062
http://dx.doi.org/10.1016/j.neuroimage.2010.11.015
http://dx.doi.org/10.1016/j.neuroimage.2010.11.015
http://www.ncbi.nlm.nih.gov/pubmed/21073964
http://dx.doi.org/10.1016/j.biopsych.2010.08.010
http://www.ncbi.nlm.nih.gov/pubmed/20951979
http://dx.doi.org/10.1016/j.jpsychires.2010.04.026
http://dx.doi.org/10.1016/j.jpsychires.2010.04.026
http://www.ncbi.nlm.nih.gov/pubmed/20510424
http://dx.doi.org/10.1038/npp.2011.264
http://www.ncbi.nlm.nih.gov/pubmed/22048467
http://dx.doi.org/10.1016/j.jagp.2013.01.013
http://www.ncbi.nlm.nih.gov/pubmed/23567394

@’PLOS | ONE

Mapping Cerebral Surface of MDD

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Reynolds S, Carrey N, Jaworska N, Langevin LM, Yang XR, Macmaster FP. Cortical thickness in youth
with major depressive disorder. BMC Psychiatry. 2014; 14:83. doi: 10.1186/1471-244X-14-83 PMID:
24645731

Han KM, Choi S, Jung J, Na KS, Yoon HK, Lee MS, et al. Cortical thickness, cortical and subcortical
volume, and white matter integrity in patients with their first episode of major depression. J Affect Dis-
ord. 2014; 155:42-48. doi: 10.1016/}.jad.2013.10.021 PMID: 24210630

Qiu L, Lui S, Kuang W, Huang X, Li J, Li J, et al. Regional increases of cortical thickness in untreated,
first-episode major depressive disorder. Transl Psychiatry. 2014; 4:e378. doi: 10.1038/tp.2014.18
PMID: 24713859

Tu PC, Chen LF, Hsieh JC, Bai YM, Li CT, Su TP. Regional cortical thinning in patients with major de-
pressive disorder: a surface-based morphometry study. Psychiatry Res. 2012; 202(3):206—213. doi:
10.1016/j.pscychresns.2011.07.011 PMID: 22521631

Jarnum H, Eskildsen SF, Steffensen EG, Lundbye-Christensen S, Simonsen CW, Thomsen IS, et al.
Longitudinal MRI study of cortical thickness, perfusion, and metabolite levels in major depressive disor-
der. Acta Psychiatr Scand. 2011; 124(6):435-446. doi: 10.1111/j.1600-0447.2011.01766.x PMID:
21923809

Casanova MF, Tillquist CR. Encephalization, emergent properties, and psychiatry: a minicolumnar per-
spective. Neuroscientist. 2008; 14(1):101—-118. PMID: 17971507

Goldman-Rakic PS. Morphological consequences of prenatal injury to the primate brain. Prog Brain
Res. 1980; 53:1-19. PMID: 7455140

ZhangY, YuC, Zhou Y, Li K, Li C, Jiang T. Decreased gyrification in major depressive disorder. Neu-
roreport. 2009; 20(4):378-380. doi: 10.1097/WNR.0b013e3283249b34 PMID: 19218876

Nixon NL, Liddle PF, Nixon E, Worwood G, Liotti M, Palaniyappan L. Biological vulnerability to depres-
sion: linked structural and functional brain network findings. The British Journal of Psychiatry. 2014;
204:283-289. doi: 10.1192/bjp.bp.113.129965 PMID: 24357570

Mayberg HS. Modulating dysfunctional limbic-cortical circuits in depression: towards development of
brain-based algorithms for diagnosis and optimised treatment. Br Med Bull. 2003; 65:193-207. PMID:
12697626

Price JL, Drevets WC. Neurocircuitry of mood disorders. Neuropsychopharmacology. 2010; 35(1):192—
216. doi: 10.1038/npp.2009.104 PMID: 19693001

Hulvershorn LA, Cullen K, Anand A. Toward dysfunctional connectivity: a review of neuroimaging find-
ings in pediatric major depressive disorder. Brain Imaging Behav. 2011; 5(4):307-328. doi: 10.1007/
511682-011-9134-3 PMID: 21901425

Whittle S, Lichter R, Dennison M, Vijayakumar N, Schwartz O, Byrne ML, et al. Structural Brain Devel-
opment and Depression Onset During Adolescence: A Prospective Longitudinal Study. Am J Psychia-
try. 2014.

Benes FM. Amygdalocortical circuitry in schizophrenia: from circuits to molecules. Neuropsychophar-
macology. 2010; 35(1):239-257. doi: 10.1038/npp.2009.116 PMID: 19727065

Aghajani M, Veer IM, van Lang ND, Meens PH, van den Bulk BG, Rombouts SA, et al. Altered white-
matter architecture in treatment-naive adolescents with clinical depression. Psychol Med. 2013:1-12.

Qiu L, Huang X, Zhang J, Wang Y, Kuang W, Li J, et al. Characterization of major depressive disorder
using a multiparametric classification approach based on high resolution structural images. J Psychia-
try Neurosci. 2014; 39(2):78-86. PMID: 24083459

Hwang JP, Lee TW, Tsai SJ, Chen TJ, Yang CH, Lirng JF, et al. Cortical and subcortical abnormalities
in late-onset depression with history of suicide attempts investigated with MRI and voxel-based mor-
phometry. J Geriatr Psychiatry Neurol. 2010; 23(3):171-184. doi: 10.1177/0891988710363713 PMID:
20430976

Hamilton M. Development of a rating scale for primary depressive iliness. The British Journal of Social
and Clinical Psychology. 1967; 6(4):278-296. PMID: 6080235

Zhang MY. Rating scales manual for mental health. Hunan: Hunan Science and Technology Press;
1998.

Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from magnetic resonance im-
ages. Proc Natl Acad Sci U S A. 2000; 97(20):11050—11055. PMID: 10984517

Wagner G, Schultz CC, Koch K, Schachtzabel C, Sauer H, Schlosser RG. Prefrontal cortical thickness
in depressed patients with high-risk for suicidal behavior. J Psychiatr Res. 2012; 46(11):1449-1455.
doi: 10.1016/j.jpsychires.2012.07.013 PMID: 22868048

Kelly PA, Viding E, Wallace GL, Schaer M, De Brito SA, Robustelli B, et al. Cortical thickness, surface
area, and gyrification abnormalities in children exposed to maltreatment: neural markers of vulnerabili-
ty? Biol Psychiatry. 2013; 74(11):845-852. doi: 10.1016/j.biopsych.2013.06.020 PMID: 23954109

PLOS ONE | DOI:10.1371/journal.pone.0120704 March 20, 2015 13/16


http://dx.doi.org/10.1186/1471-244X-14-83
http://www.ncbi.nlm.nih.gov/pubmed/24645731
http://dx.doi.org/10.1016/j.jad.2013.10.021
http://www.ncbi.nlm.nih.gov/pubmed/24210630
http://dx.doi.org/10.1038/tp.2014.18
http://www.ncbi.nlm.nih.gov/pubmed/24713859
http://dx.doi.org/10.1016/j.pscychresns.2011.07.011
http://www.ncbi.nlm.nih.gov/pubmed/22521631
http://dx.doi.org/10.1111/j.1600-0447.2011.01766.x
http://www.ncbi.nlm.nih.gov/pubmed/21923809
http://www.ncbi.nlm.nih.gov/pubmed/17971507
http://www.ncbi.nlm.nih.gov/pubmed/7455140
http://dx.doi.org/10.1097/WNR.0b013e3283249b34
http://www.ncbi.nlm.nih.gov/pubmed/19218876
http://dx.doi.org/10.1192/bjp.bp.113.129965
http://www.ncbi.nlm.nih.gov/pubmed/24357570
http://www.ncbi.nlm.nih.gov/pubmed/12697626
http://dx.doi.org/10.1038/npp.2009.104
http://www.ncbi.nlm.nih.gov/pubmed/19693001
http://dx.doi.org/10.1007/s11682-011-9134-3
http://dx.doi.org/10.1007/s11682-011-9134-3
http://www.ncbi.nlm.nih.gov/pubmed/21901425
http://dx.doi.org/10.1038/npp.2009.116
http://www.ncbi.nlm.nih.gov/pubmed/19727065
http://www.ncbi.nlm.nih.gov/pubmed/24083459
http://dx.doi.org/10.1177/0891988710363713
http://www.ncbi.nlm.nih.gov/pubmed/20430976
http://www.ncbi.nlm.nih.gov/pubmed/6080235
http://www.ncbi.nlm.nih.gov/pubmed/10984517
http://dx.doi.org/10.1016/j.jpsychires.2012.07.013
http://www.ncbi.nlm.nih.gov/pubmed/22868048
http://dx.doi.org/10.1016/j.biopsych.2013.06.020
http://www.ncbi.nlm.nih.gov/pubmed/23954109

@’PLOS | ONE

Mapping Cerebral Surface of MDD

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Schaer M, Cuadra MB, Tamarit L, Lazeyras F, Eliez S, Thiran JP. A surface-based approach to quantify
local cortical gyrification. IEEE Trans Med Imaging. 2008; 27(2):161-170. doi: 10.1109/TMI.2007.
903576 PMID: 18334438

Zilles K, Armstrong E, Schleicher A, Kretschmann HJ. The human pattern of gyrification in the cerebral
cortex. Anat Embryol (Berl). 1988; 179(2):173-179. PMID: 3232854

Genovese CR, Lazar NA, Nichols T. Thresholding of statistical maps in functional neuroimaging using
the false discovery rate. Neuroimage. 2002; 15(4):870-878. PMID: 11906227

van Eijndhoven P, van Wingen G, Katzenbauer M, Groen W, Tepest R, Fernandez G, et al. Paralimbic
cortical thickness in first-episode depression: evidence for trait-related differences in mood regulation.
Am J Psychiatry. 2013; 170(12):1477—-1486. doi: 10.1176/appi.ajp.2013.12121504 PMID: 23929204

Radua J, Phillips ML, Russell T, Lawrence N, Marshall N, Kalidindi S, et al. Neural response to specific
components of fearful faces in healthy and schizophrenic adults. Neuroimage. 2010; 49(1):939-946.
doi: 10.1016/j.neuroimage.2009.08.030 PMID: 19699306

Culham JC, Kanwisher NG. Neuroimaging of cognitive functions in human parietal cortex. Curr Opin
Neurobiol. 2001; 11(2):157—163. PMID: 11301234

Sweeney JA, Kmiec JA, Kupfer DJ. Neuropsychologic impairments in bipolar and unipolar mood disor-
ders on the CANTAB neurocognitive battery. Biol Psychiatry. 2000; 48(7):674—684. PMID: 11032979

Dinh L, Nguyen T, Salgado H, Atzori M. Norepinephrine homogeneously inhibits alpha-amino-3-hy-
droxyl-5-methyl-4-isoxazole-propionate- (AMPAR-) mediated currents in all layers of the temporal cor-
tex of the rat. Neurochem Res. 2009; 34(11):1896—1906. doi: 10.1007/s11064-009-9966-z PMID:
19357950

Lauter JL, Herscovitch P, Formby C, Raichle ME. Tonotopic organization in human auditory cortex re-
vealed by positron emission tomography. Hear Res. 1985; 20(3):199-205. PMID: 3878839

Goddard AW, Ball SG, Martinez J, Robinson MJ, Yang CR, Russell JM, et al. Current perspectives of
the roles of the central norepinephrine system in anxiety and depression. Depression and anxiety.
2010; 27(4):339-350. doi: 10.1002/da.20642 PMID: 19960531

El Mansari M, Guiard BP, Chernoloz O, Ghanbari R, Katz N, Blier P. Relevance of norepinephrine—do-
pamine interactions in the treatment of major depressive disorder. CNS neuroscience & therapeutics.
2010; 16(3):e1-e17.

Furey ML, Drevets WC, Hoffman EM, Frankel E, Speer AM, Zarate CA Jr. Potential of pretreatment
neural activity in the visual cortex during emotional processing to predict treatment response to scopol-
amine in major depressive disorder. JAMA Psychiatry. 2013; 70(3):280-290. doi: 10.1001/2013.
jamapsychiatry.60 PMID: 23364679

Laird AR, Eickhoff SB, Li K, Robin DA, Glahn DC, Fox PT. Investigating the functional heterogeneity of
the default mode network using coordinate-based meta-analytic modeling. The Journal of Neurosci-
ence 2009; 29(46):14496-14505. doi: 10.1523/JNEUROSCI.4004-09.2009 PMID: 19923283

Nejad AB, Fossati P, Lemogne C. Self-Referential Processing, Rumination, and Cortical Midline Struc-
tures in Major Depression. Front Hum Neurosci. 2013; 7:666. doi: 10.3389/fnhum.2013.00666 PMID:
24124416

Sheline YI, Barch DM, Price JL, Rundle MM, Vaishnavi SN, Snyder AZ, et al. The default mode network
and self-referential processes in depression. Proceedings of the National Academy of Sciences of the
United States of America. 2009; 106(6):1942—-1947. doi: 10.1073/pnas.0812686106 PMID: 19171889

Zhu X, Wang X, Xiao J, Liao J, Zhong M, Wang W, et al. Evidence of a dissociation pattern in resting-
state default mode network connectivity in first-episode, treatment-naive major depression patients.
Biol Psychiatry. 2012; 71(7):611-617. doi: 10.1016/j.biopsych.2011.10.035 PMID: 22177602

Hamilton JP, Furman DJ, Chang C, Thomason ME, Dennis E, Gotlib IH. Default-mode and task-posi-
tive network activity in major depressive disorder: implications for adaptive and maladaptive rumination.
Biol Psychiatry. 2011; 70(4):327-333. doi: 10.1016/j.biopsych.2011.02.003 PMID: 21459364

Grimm S, Boesiger P, Beck J, Schuepbach D, Bermpohl F, Walter M, et al. Altered negative BOLD re-
sponses in the default-mode network during emotion processing in depressed subjects. Neuropsycho-
pharmacology. 2009; 34(4):932-943. doi: 10.1038/npp.2008.81 PMID: 18536699

Honey CJ, Sporns O, Cammoun L, Gigandet X, Thiran JP, Meuli R, et al. Predicting human resting-
state functional connectivity from structural connectivity. Proc Natl Acad Sci U S A. 2009; 106(6):2035—
2040. doi: 10.1073/pnas.0811168106 PMID: 19188601

Andrews SC, Hoy KE, Enticott PG, Daskalakis ZJ, Fitzgerald PB. Improving working memory: the effect
of combining cognitive activity and anodal transcranial direct current stimulation to the left dorsolateral
prefrontal cortex. Brain Stimul. 2011; 4(2):84—89. doi: 10.1016/j.brs.2010.06.004 PMID: 21511208

Klein M, Grainger J, Wheat KL, Millman RE, Simpson MI, Hansen PC, et al. Early Activity in Broca's
Area During Reading Reflects Fast Access to Articulatory Codes From Print. Cereb Cortex. 2014.

PLOS ONE | DOI:10.1371/journal.pone.0120704 March 20, 2015 14/16


http://dx.doi.org/10.1109/TMI.2007.903576
http://dx.doi.org/10.1109/TMI.2007.903576
http://www.ncbi.nlm.nih.gov/pubmed/18334438
http://www.ncbi.nlm.nih.gov/pubmed/3232854
http://www.ncbi.nlm.nih.gov/pubmed/11906227
http://dx.doi.org/10.1176/appi.ajp.2013.12121504
http://www.ncbi.nlm.nih.gov/pubmed/23929204
http://dx.doi.org/10.1016/j.neuroimage.2009.08.030
http://www.ncbi.nlm.nih.gov/pubmed/19699306
http://www.ncbi.nlm.nih.gov/pubmed/11301234
http://www.ncbi.nlm.nih.gov/pubmed/11032979
http://dx.doi.org/10.1007/s11064-009-9966-z
http://www.ncbi.nlm.nih.gov/pubmed/19357950
http://www.ncbi.nlm.nih.gov/pubmed/3878839
http://dx.doi.org/10.1002/da.20642
http://www.ncbi.nlm.nih.gov/pubmed/19960531
http://dx.doi.org/10.1001/2013.jamapsychiatry.60
http://dx.doi.org/10.1001/2013.jamapsychiatry.60
http://www.ncbi.nlm.nih.gov/pubmed/23364679
http://dx.doi.org/10.1523/JNEUROSCI.4004-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19923283
http://dx.doi.org/10.3389/fnhum.2013.00666
http://www.ncbi.nlm.nih.gov/pubmed/24124416
http://dx.doi.org/10.1073/pnas.0812686106
http://www.ncbi.nlm.nih.gov/pubmed/19171889
http://dx.doi.org/10.1016/j.biopsych.2011.10.035
http://www.ncbi.nlm.nih.gov/pubmed/22177602
http://dx.doi.org/10.1016/j.biopsych.2011.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21459364
http://dx.doi.org/10.1038/npp.2008.81
http://www.ncbi.nlm.nih.gov/pubmed/18536699
http://dx.doi.org/10.1073/pnas.0811168106
http://www.ncbi.nlm.nih.gov/pubmed/19188601
http://dx.doi.org/10.1016/j.brs.2010.06.004
http://www.ncbi.nlm.nih.gov/pubmed/21511208

@’PLOS | ONE

Mapping Cerebral Surface of MDD

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Acheson DJ, Hagoort P. Stimulating the brain's language network: syntactic ambiguity resolution after
TMS to the inferior frontal gyrus and middle temporal gyrus. J Cogn Neurosci. 2013; 25(10):1664—
1677. doi: 10.1162/jocn_a_00430 PMID: 23767923

Sakurai Y, Mimura I, Mannen T. Agraphia for kanji resulting from a left posterior middle temporal gyrus
lesion. Behav Neurol. 2008; 19(3):93-106. PMID: 18641429

Graziano MS. The intelligent movement machine: Oxford; 2009.

Yoon KL, Lemoult J, Joormann J. Updating emotional content in working memory: A depression-specif-
ic deficit? J Behav Ther Exp Psychiatry. 2014; 45(3):368-374. doi: 10.1016/j.jbtep.2014.03.004 PMID:
24747511

Brunoni AR, Boggio PS, De Raedt R, Bensenor IM, Lotufo PA, Namur V, et al. Cognitive control therapy
and transcranial direct current stimulation for depression: A randomized, double-blinded, controlled
trial. J Affect Disord. 2014; 162:43—49. doi: 10.1016/j.jad.2014.03.026 PMID: 24767004

llamkar KR. Psychomotor Retardation, Attention Deficit and Executive Dysfunctional in Young Non-
hospitalised Un-medicated Non-psychotic Unipolar Depression Patients. J Clin Diagn Res. 2014; 8
(2):124—126. doi: 10.7860/JCDR/2014/7221.4026 PMID: 24701501

Bracht T, Federspiel A, Schnell S, Horn H, Hofle O, Wiest R, et al. Cortico-cortical white matter motor
pathway microstructure is related to psychomotor retardation in major depressive disorder. PLoS One.
2012; 7(12):e52238. doi: 10.1371/journal.pone.0052238 PMID: 23284950

Walther S, Hiigli S, Hofle O, Federspiel A, Horn H, Bracht T, et al. Frontal white matter integrity is relat-
ed to psychomotor retardation in major depression. Neurobiology of disease. 2012; 47(1):13-19. doi:
10.1016/j.nbd.2012.03.019 PMID: 22426387

Leung KK, Lee TM, Wong MM, Li LS, Yip PS, Khong PL. Neural correlates of attention biases of people
with major depressive disorder: a voxel-based morphometric study. Psychol Med. 2009; 39(7):1097—
1106. doi: 10.1017/S0033291708004546 PMID: 18945378

YuanY, ZhuW, Zhang Z, Bai F, Yu H, Shi Y, et al. Regional gray matter changes are associated with
cognitive deficits in remitted geriatric depression: an optimized voxel-based morphometry study. Biol
Psychiatry. 2008; 64(6):541-544. doi: 10.1016/j.biopsych.2008.04.032 PMID: 18550031

Caviness VS Jr. Mechanical model of brain convolutional development. Science. 1975; 189(4196):18—
21. PMID: 1135626

Van Essen DC. A tension-based theory of morphogenesis and compact wiring in the central nervous
system. Nature. 1997; 385(6614):313-318. PMID: 9002514

Taschereau-Dumouchel V, Hetu S. Visuomotor representations within the human primary motor cortex:
the elusive markers of visuomotor associative learning. J Neurosci. 2012; 32(3):759-760. doi: 10.1523/
JNEUROSCI.5357-11.2012 PMID: 22262874

Dum RP, Strick PL. The origin of corticospinal projections from the premotor areas in the frontal lobe. J
Neurosci. 1991; 11(3):667-689. PMID: 1705965

Hosp JA, Pekanovic A, Rioult-Pedotti MS, Luft AR. Dopaminergic projections from midbrain to primary
motor cortex mediate motor skill learning. J Neurosci. 2011; 31(7):2481-2487. doi: 10.1523/
JNEUROSCI.5411-10.2011 PMID: 21325515

Lim J, Ebstein R, Tse C-Y, Monakhov M, San Lai P, Dinges DF, et al. Dopaminergic polymorphisms as-
sociated with time-on-task declines and fatigue in the Psychomotor Vigilance Test. PloS one. 2012; 7
(3):33767. doi: 10.1371/journal.pone.0033767 PMID: 22438994

Urs NM, Daigle TL, Caron MG. A dopamine D1 receptor-dependent B-arrestin signaling complex poten-
tially regulates morphine-induced psychomotor activation but not reward in mice. Neuropsychopharma-
cology. 2011; 36(3):551-558. doi: 10.1038/npp.2010.186 PMID: 20980993

Thomsen M, Ralph RJ, Caine SB. Psychomotor stimulation by dopamine D-like but not Do-like ago-
nists in most mouse strains. Experimental and clinical psychopharmacology. 2011; 19(5):342. doi: 10.
1037/a0024053 PMID: 21843011

Ye T, Peng J, Nie B, Gao J, Liu J, Li Y, et al. Altered functional connectivity of the dorsolateral prefrontal
cortex in first-episode patients with major depressive disorder. Eur J Radiol. 2012; 81(12):4035-4040.
doi: 10.1016/j.ejrad.2011.04.058 PMID: 22939367

Canbeyli R. Sensorimotor modulation of mood and depression: an integrative review. Behavioural
Brain Research. 2010; 207(2):249-264. doi: 10.1016/j.bbr.2009.11.002 PMID: 19913058

Silani G, Lamm C, Ruff CC, Singer T. Right supramarginal gyrus is crucial to overcome emotional ego-
centricity bias in social judgments. J Neurosci. 2013; 33(39):15466—15476. doi: 10.1523/JNEUROSCI.
1488-13.2013 PMID: 24068815

Mitchell JP. Inferences about mental states. Philos Trans R Soc Lond B Biol Sci. 2009; 364
(1521):1309-1316. doi: 10.1098/rsth.2008.0318 PMID: 19528012

PLOS ONE | DOI:10.1371/journal.pone.0120704 March 20, 2015 15/16


http://dx.doi.org/10.1162/jocn_a_00430
http://www.ncbi.nlm.nih.gov/pubmed/23767923
http://www.ncbi.nlm.nih.gov/pubmed/18641429
http://dx.doi.org/10.1016/j.jbtep.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/24747511
http://dx.doi.org/10.1016/j.jad.2014.03.026
http://www.ncbi.nlm.nih.gov/pubmed/24767004
http://dx.doi.org/10.7860/JCDR/2014/7221.4026
http://www.ncbi.nlm.nih.gov/pubmed/24701501
http://dx.doi.org/10.1371/journal.pone.0052238
http://www.ncbi.nlm.nih.gov/pubmed/23284950
http://dx.doi.org/10.1016/j.nbd.2012.03.019
http://www.ncbi.nlm.nih.gov/pubmed/22426387
http://dx.doi.org/10.1017/S0033291708004546
http://www.ncbi.nlm.nih.gov/pubmed/18945378
http://dx.doi.org/10.1016/j.biopsych.2008.04.032
http://www.ncbi.nlm.nih.gov/pubmed/18550031
http://www.ncbi.nlm.nih.gov/pubmed/1135626
http://www.ncbi.nlm.nih.gov/pubmed/9002514
http://dx.doi.org/10.1523/JNEUROSCI.5357-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.5357-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22262874
http://www.ncbi.nlm.nih.gov/pubmed/1705965
http://dx.doi.org/10.1523/JNEUROSCI.5411-10.2011
http://dx.doi.org/10.1523/JNEUROSCI.5411-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21325515
http://dx.doi.org/10.1371/journal.pone.0033767
http://www.ncbi.nlm.nih.gov/pubmed/22438994
http://dx.doi.org/10.1038/npp.2010.186
http://www.ncbi.nlm.nih.gov/pubmed/20980993
http://dx.doi.org/10.1037/a0024053
http://dx.doi.org/10.1037/a0024053
http://www.ncbi.nlm.nih.gov/pubmed/21843011
http://dx.doi.org/10.1016/j.ejrad.2011.04.058
http://www.ncbi.nlm.nih.gov/pubmed/22939367
http://dx.doi.org/10.1016/j.bbr.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19913058
http://dx.doi.org/10.1523/JNEUROSCI.1488-13.2013
http://dx.doi.org/10.1523/JNEUROSCI.1488-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/24068815
http://dx.doi.org/10.1098/rstb.2008.0318
http://www.ncbi.nlm.nih.gov/pubmed/19528012

el e
@ ) PLOS | ONE Mapping Cerebral Surface of MDD

84. Singer T, Lamm C. The social neuroscience of empathy. Ann N'Y Acad Sci. 2009; 1156:81-96. doi: 10.
1111/j.1749-6632.2009.04418.x PMID: 19338504

85. Grimm S, Ernst J, Boesiger P, Schuepbach D, Hell D, Boeker H, et al. Increased self-focus in major de-
pressive disorder is related to neural abnormalities in subcortical-cortical midline structures. Hum Brain
Mapp. 2009; 30(8):2617-2627. doi: 10.1002/hbm.20693 PMID: 19117277

86. Rimes KA, Watkins E. The effects of self-focused rumination on global negative self-judgements in de-
pression. Behav Res Ther. 2005; 43(12):1673-1681. PMID: 16239157

87. Sumner JA, Griffith JW, Mineka S. Overgeneral autobiographical memory as a predictor of the course
of depression: a meta-analysis. Behav Res Ther. 2010; 48(7):614-625. doi: 10.1016/j.brat.2010.03.
013 PMID: 20399418

PLOS ONE | DOI:10.1371/journal.pone.0120704 March 20, 2015 16/16


http://dx.doi.org/10.1111/j.1749-6632.2009.04418.x
http://dx.doi.org/10.1111/j.1749-6632.2009.04418.x
http://www.ncbi.nlm.nih.gov/pubmed/19338504
http://dx.doi.org/10.1002/hbm.20693
http://www.ncbi.nlm.nih.gov/pubmed/19117277
http://www.ncbi.nlm.nih.gov/pubmed/16239157
http://dx.doi.org/10.1016/j.brat.2010.03.013
http://dx.doi.org/10.1016/j.brat.2010.03.013
http://www.ncbi.nlm.nih.gov/pubmed/20399418


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


