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Raymond Salvador,1* Salvador Sarró,1 Jesús J. Gomar,1 Jordi Ortiz-Gil,1

Fidel Vila,2 Antoni Capdevila,2,4 Ed Bullmore,3 Peter J. McKenna,1

and Edith Pomarol-Clotet1

1Benito Menni C.A.S.M.-CIBERSAM, Sant Boi de Llobregat, Barcelona, Spain
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Abstract: Abnormal interactions between areas of the brain have been pointed as possible causes for
schizophrenia. However, the nature of these disturbances and the anatomical location of the regions
involved are still unclear. Here, we describe a method to estimate maps of net levels of connectivity in
the resting brain, and we apply it to look for differential patterns of connectivity in schizophrenia. This
method uses partial coherences as a basic measure of covariability, and it minimises the effect of major
physiological noise. When overall (net) connectivity maps of a sample of 40 patients with schizophre-
nia were compared with the maps from a matched sample of 40 controls, a single area of abnormality
was found. It is an area of patient hyper-connectivity and is located frontally, in medial and orbital
structures, clearly overlapping the anterior node of the default mode network (DMN). When this area
is used as a region of interest in a second-level analysis, it shows functional hyper-connections with
several cortical and subcortical structures. Interestingly, the most significant abnormality is found with
the caudate, which has a bilateral pattern of abnormality, pointing to a possible DMN–striatum deviant
relation in schizophrenia. However, hyper-connectivity observed with other regions (right hippocam-
pus and amygdala, and other cortical structures) suggests a more pervasive alteration of brain connec-
tivity in this disease. Hum Brain Mapp 31:2003–2014, 2010. VC 2010 Wiley-Liss, Inc.
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INTRODUCTION

The psychotic disorder schizophrenia is widely believed
to be due to a disturbance of brain function, but the nature

of this disturbance and which anatomical regions are

affected still remains uncertain. Since the early 90s, differ-

ent authors have argued for dysfunction in different areas
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and sets of regions, including frontal [Frith, 1992], fronto-

temporal [Friston and Frith, 1995; Liddle, 2001], fronto-hip-

pocampal [Gray et al., 1991; Weinberger and Lipska, 1995],

fronto-temporal-striatal [Robbins, 1990] and fronto-striato-

cerebellar [Andreasen, 1999] systems.
More recently, attention has also been focused on poten-

tial disturbances in a set of regions known as the default
mode network (DMN) [e.g., Bluhm et al., 2007; Garrity
et al., 2007; Pomarol-Clotet et al., 2008]. This network is
known to be active when the brain is not engaged in any
specific task [Greicius et al., 2003; Mazoyer et al., 2001;
Raichle et al., 2001], and it includes areas of the medial
prefrontal cortex, the posterior cingulate and the inferior
parietal lobule as main components. Implicit in this and
all the previous hypotheses is the idea that the connectiv-
ity between brain regions is abnormal in patients with
schizophrenia [Bullmore et al., 1997], echoing Bleuler
[1911], who originally coined the term schizophrenia to
refer to a putative fragmentation and discoordination of
cerebral function.

Functional magnetic resonance imaging (fMRI) has been
applied to explore connectivity anomalies in schizophrenia
using different methodological approaches. Early studies
selected, a priori, a set of regions of interest (ROI) based
on previous results or models, and looked for differences
in correlation coefficients or other multivariate association
measures [e.g., Lawrie, 2002; Menon et al., 2001; Salvador
et al., 2007; Schlösser et al., 2003]. Similarly, differences in
correlations between a ROI and the remaining voxels of
the brain have been reported. Although these methods can
be very useful and they are still widely used, they only
relate to connections involving the selected ROI.

Alternatively, less directed and more open analyses
have been carried out either by making extensive connec-
tivity analyses based on complete parcellations of the brain
[Foucher et al., 2005; Liang et al., 2006; Liu et al., 2008] or
by performing studies based on components extracted by
non-supervised methods [Demirci et al., 2009; Jafri et al.,
2008; Kim et al., 2009]. In general, though, results reported
by these and other studies are not entirely consistent.
While in some cases major findings point to disconnection
[e.g. Bluhm et al., 2007; Liang et al., 2006], other studies
suggest the opposite [e.g., Jafri et al., 2008; Salvador et al.,
2007], and in some instances, both disconnection and
hyper-connectivity are similarly related to the disease [e.g.,
Schlösser et al., 2003; Wolf et al., 2007]. To some extent,
this heterogeneity in results is due to the usage of different
cognitive tasks, involving different dynamics in different
regions of the brain. In that sense, the increasingly com-
mon use of resting-state fMRI may lead to more homoge-
neous connectivity results.

Here, we propose a new methodology, based on an ex-
haustive parcellation of the brain, which delivers general
(overall) connectivity maps in a similar way to Salvador
et al. [2008] but at the voxel level. The method is applied
to explore differences in net levels of connectivity between
a sample of patients with schizophrenia and a matched

sample of controls scanned while being at rest. The
method uses partial coherences as a main connectivity
measure [Salvador et al., 2005a; Sun et al., 2004] and it
controls for gross physiological noise.

METHODS

Subjects

Chronic patients with a diagnosis of schizophrenia
according to DSM-IV criteria were recruited from Benito
Menni Hospital (Sant Boi, Barcelona, Spain). Inclusion cri-
teria included right-handedness, being intellectually pre-
served (WAIS III IQ > 85) and without reported alcohol/
substance abuse within 12 months prior to participation.
After rejection for excess of movement in the MRI scanner,
a final sample of 40 patients (14 females and 26 males)
with a mean age of 41.45 � 12.9 (SD) years was used in
the study.

All patients, but one, were taking antipsychotic medica-
tion (23 individuals had atypical neuroleptics, 3 subjects
had typical neuroleptics and 13 had both). Doses ranged
from 100 to 2,740 equiv of mg/day of chlorpromazine (me-
dian ¼ 578, first and third quartiles ¼ 300, 808). The dura-
tion of illness in the sample of patients ranged from 3 to
31 years (median ¼ 20 years, first and third quartiles ¼ 11,
24 years).

Healthy volunteers with no previous history of neuro-
logical or psychiatric illness were recruited by advertise-
ment within the local community. Using the same
inclusion/rejection criteria as in patients, a matched sam-
ple of 40 controls was finally available for the study
[14 females and 26 males, with a mean age of 41.33 �
13.08 (SD) years]. All participants gave written informed
consent prior to involvement in accordance to the Declara-
tion of Helsinki, and the research protocol was approved
by the local ethics committee of the Benito Menni
Hospital.

Image Acquisition and Pre-processing

Each individual in the study underwent a single scan-
ning session in which 266 volumes were acquired from a
1.5-T GE Signa scanner, using a gradient echo echo-planar
(EPI) sequence depicting the blood-oxygenation-level-de-
pendent (BOLD) contrast. Each volume contained 16 axial
planes acquired with the following parameters: TR ¼ 2,000
ms, TE ¼ 40 ms, flip angle ¼ 70�, section thickness ¼ 7
mm, section skip ¼ 0.7 mm, in-plane resolution ¼ 3 mm �
3 mm. The first 10 volumes were discarded to avoid T1
saturation effects. Individuals were scanned while lying
quietly (in a ‘‘resting state’’ condition). However, they
were instructed to keep their eyes open to avoid high
inter-individual variability in self-generated drowsiness or
wakefulness states.
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Several pre-processing steps were carried out on the
original images. Most of them used functions of the FSL
software (reviewed in Smith et al. [2004]). The bet and
mcflirt functions were applied for skull extraction and
rigid-body coregistration. To minimise movement arte-
facts, all individuals with an estimated maximum absolute
movement over 3.0 mm, or an average absolute movement
higher than 0.3 mm, were discarded from the study. In the
remaining individuals, movement effects were reduced by
fitting linear models to the time series of coregistered
images. These models included the six movement parame-
ters and their temporal differences (12 independent varia-
bles). Next, images were directly normalised to a reference
standard brain image (flirt function) without any interme-
diate fitting to a structural high-resolution image and were
spatially smoothed with a Gaussian filter (SD ¼ 3 mm
[FWHM ¼ 7 mm]). Finally, a binary mask based on the
same standard brain was applied to the images. In the
normalisation step, we used the T1 MNI template re-
sampled to 2 mm to perform an affine transformation with
12 degrees of freedom applying a correlation ratio cost
function.

Characterisation of Gross Physiological Noise

MRI-related artefacts and physiological noise account
for a large part of the variance observed in fMRI time
series [Huettel et al., 2004]. As shown through an example
in Figure 1A, voxels with highest standard deviations are
located in the edges of the brain, areas with large blood
vessels and areas with CSF. Noise related to cardiac and
respiratory processes induce cyclic patterns in different
points of the brain, and its presence is usually analysed in
the frequency domain. A frequency-based principal com-
ponent analysis [Brillinger, 1981] on the 6% of voxels with
highest variances in the image of Figure 1A reveals very
high levels of redundancy (Fig. 1B,C), suggesting strong
coherence of gross noise in fMRI sequences, with possibly
non-synchronous dynamics.

To characterise the dynamics of this major noise, we vis-
ually explored the images of standard deviation of con-
trols, looking for a subset of points with large variances
but with low levels of redundancy. This selection process
was made through several steps. First, standard deviation
images for each healthy control were obtained from their
normalised and spatially filtered volumes. Next, a single
averaged standard deviation image was derived from all
these individual images (Fig. 2A). From this image, an ini-
tial set of candidate points (voxels) containing local peaks
(highest variances) was selected through visual inspection.
Then, points with high levels of redundancy were sequen-
tially discarded (redundancy was obtained by estimating
multiple coherences between a point and the rest of the
set in the time series of pre-processed images). This led to
the final selection of a group of five points located outside
the brain parenchyma (Fig. 2A): (1) Superior sagittal sinus

[MNI: 0,0,68], (2) Anterior cerebral artery [MNI: 0,30,12],
(3) Cisterna superior [MNI: 0,�44,0], (4) Left Middle cere-
bral artery [MNI: �34,8,�22] and (5) Straight sinus [MNI:
0,�86,�16]. Time series of voxels located in these coordi-
nates (one voxel per selected point) were extracted from

Figure 1.

(A) Image of standard deviations from an fMRI sequence of a

single individual. Highest variability is found at the edges of the

brain, voxels including large blood vessels and voxels with CSF.

(B) Proportion of variance explained by the largest eigenvalues

from a principal component analysis in the frequency domain

carried out on the 1,100 voxels (6% of voxels) with highest val-

ues in (A). Diagonalisation was performed on estimated coher-

ence matrices. Variability is explained by a small number of

components along the frequency spectrum, showing very high

levels of redundancy. (C) 2D version of previous plot only

showing the power spectra for the first principal component

(solid line) and four following components (dashed lines).
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Figure 2.

(A) Anatomical location of the five points finally chosen to char-

acterise major physiological noise. The background image is an

average of the individual standard deviation images taken from

the normalised and filtered fMRI sequences from the healthy

subjects. Left side of image is left side of brain. (B) Averages of

power spectra for the five selected points and the global brain

time series taken from the sample of healthy controls. (C) Aver-

ages of coherence functions between the time series of the five

selected points and the global mean taken from the sample of

controls. In both (B) and (C), frequencies are given in Hertz.

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

able at wileyonlinelibrary.com.]
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the normalised and filtered fMRI volumes, and they were
later used to reduce the contribution of gross noise in the
covariability between brain areas (see next subsection).
Averaged power spectra and coherence functions for the
five selected points and the global brain time series are
shown in Figure 2B,C.

ROI-Based Partial Coherence Maps

Overall connectivity maps proposed here are based on
averaging data from seed-based connectivity maps from
each one of the ROIs of an exhaustive parcellation of the
brain. Instead of using standard seed correlation maps,
though, we propose using partial coherence functions in
the frequency domain. Specifically, given an average time
series of a ROI, we estimated its partial coherence function
in the frequency domain with each one of the voxels out-
side the ROI, using the set of time series with high var-
iance, selected earlier, as nuisance covariates. All time
series (including ROI mean time series) were extracted
from the normalised and spatially filtered volumes.

Formally, given a time series from a ROI (X(t)ROI), a
time series from a voxel (X(t)voxel) and a vector of time se-
ries with high variance (X(t)noise), the partial coherence
between the first two, given the later, at frequency k, is
[Brillinger, 1981]

RðXROI;XvoxeljXnoiseÞ½k� ¼ f ðXROI;XvoxeljXnoiseÞ½k�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f ðXROIjXnoiseÞ½k�f ðXvoxeljXnoiseÞ½k�

p

(1)

where f(XROI, Xvoxel|Xnoise)[k] is the partial cross-spectrum
of (X(t)ROI) and (X(t)voxel) after removing the linear
effects of (X(t)noise), and both f(XROI|Xnoise)[k] and
f(Xvoxel|Xnoise)[k] are partial spectrums conditioned for the
same noise (see Dahlhaus [2000] for a definition of partial
cross-spectrums in terms of linear predictors). An exami-
nation of Eq. (1) reveals the analogy between partial
coherences and partial correlations. However, partial
coherences are complex quantities, containing informa-
tion on both intensity and phase, and their modulus (a
non-negative value in the [0,1] interval) is usually
reported instead. An alternative formula for Eq. (1) is
given in Sun et al. [2004].

Inference on partial coherences is based on non-para-
metric estimates of the cross-spectral density matrices
[matrices containing the estimates of the cross-spectrums
for all pairs of time series involved in Eq. (1)]. Obtaining
these matrices from time series of the normalised and fil-
tered images require several steps (Fig. 3A contains an
example where intermediate results for each of these steps
are shown). First, (1) time series were standardised
(divided by their sample standard deviation) to reduce
numerical inaccuracies in later calculations. Next, (2) a
Bartlett window was applied to all time series to reduce
leakage, and (3) a FFT algorithm was used, without any

further re-sampling, to obtain their Fourier coefficients.
Then, (4) an initial estimate of the cross-spectrum between
each pair of time series was obtained by multiplying the
Fourier coefficients at each Fourier frequency. And, finally,
(5) a computationally efficient estimate of the cross-spec-
trum was derived by averaging the previous estimates
over a range of frequencies [Shumway and Stoffer, 2000]
(here, we took averages over 10 Fourier frequencies).

Now, if we define X(t) as {X(t)ROI, X(t)voxel, X(t)noise},
f̂X½k� as the estimate of the spectral density matrix of X(t)
at frequency k and ðf̂X½k�Þ�1 as its inverse, we can estimate
the partial coherence between X(t)ROI and X(t)voxel through
[Dahlhaus, 2000]

R̂ðXROI;XvoxeljXnoiseÞ½k� ¼ ð�1Þ ðf̂X½k�Þ�1
1;2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðf̂X½k�Þ�1
1;1ðf̂X½k�Þ�1

2;2

q (2)

where numerical sub-indices point to different elements in
ðf̂X½k�Þ�1, which in turn relate to the order of the elements
in X(t) (1: X(t)ROI, 2: X(t)voxel).

We focused on the modulus of the estimates given by
Eq. (2), which quantified intensity of covariability of
X(t)ROI and X(t)voxel. A variance stabilising tanh�1 transfor-
mation [Brillinger, 1981] was applied when performing
parametric tests at the group level.

The inversion of f̂X½k� is the most sensitive step in the
inference of partial coherences. The quality of estimates
will strongly depend on the absence of redundancies
before inverting matrices. While moderate levels of re-
dundancy will lead to valid but inaccurate (high var-
iance) estimates, strong collinearity will deliver invalid
and meaningless values (the matrix may not even be
invertible). Special care should be taken in the selection
of points with large physiological noise (see previous
subsection) and in the spatial filtering of normalised
images, as both steps may lead to unacceptable levels of
redundancy in f̂X½k�. If an excess of spatial filtering in the
normalised images is the major cause of redundancy, one
can alternatively use a filter over the maps of estimated
partial coherences. This will have the additional benefit
of improving these estimates by reducing their variance
[we applied a second Gaussian filter (SD ¼ 3 mm) on
the partial coherence images to reduce their noise]. Fur-
thermore, before each matrix inversion, we performed a
diagonalisation of f̂X½k� and monitored collinearity levels
with the ratio between the largest and smallest eigenval-
ues. A maximum value of 106 was used as a threshold
for this ratio in all matrices, but this threshold was
hardly ever reached.

Following the trend in resting-state studies, we focused
on connectivity patterns in the low frequencies [0.1–0.025
Hz], and we summarised partial coherence functions by
taking averages on estimates in this frequency band. All
computational steps explained in this section were per-
formed with self-written C programs, which made use
of functions from the GNU scientific library (http://
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Figure 3.

(A) Example showing the intermediate results from the calcula-

tions of the partial coherence between the mean time series of

a ROI (left caudate) and a single voxel in the right frontal gyrus

in a healthy control. (1) Extracted time series for the voxel,

ROI, and five points with gross physiological noise. (2) The same

time series after applying the Bartlett taper. (3) Cross-periodo-

grams obtained by multiplying the Fourier coefficients from a

FFT applied on the tapered time series. (4) Cross-periodograms

after filtering with a simple mean filter. (5) Output from the

inversion of the matrices containing the values of the filtered

cross-periodograms at each Fourier frequency. (6) Modulus of the

partial coherence function obtained through Eq. (2) (main text)

using data from the inverted matrices. Usually, an average of this

function over a frequency band (grey window) will be finally stored.

(B) All these steps will be performed for each of the 90 ROIs of

the AAL template and on all voxels of the fMRI time series, leading

to 90 partial coherence maps (one for each ROI). These maps will

be eventually averaged to obtain the overall connectivity map for

the individual. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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www.gnu.org/software/gsl/) for the diagonalisation and
inversion of complex matrices.

Overall Connectivity Maps

Using the procedures described earlier, we obtained
ROI-based partial coherence images, at the individual
level, for the 90 regions included in the AAL template
(Fig. 3B). The AAL template divides each cerebral hemi-
sphere into 45 anatomical regions of different sizes,
including both grey mater cortical areas and subcortical
nuclei, in a way that each region in one hemisphere has
its homologous region in the other hemisphere (see
Tzourio-Mazoyer et al. [2002] for a detailed description
of this template and the regions involved).

Next, we averaged these images for all the ROIs, producing
whole brain net (overall) connectivity maps for every individ-
ual. Each voxel in these maps contained mean values of con-
nectivity with the remaining 89 regions (i.e., excluding the
region where the voxel was located, as we did not consider
connectivity values between a ROI and each voxel within it).
Voxels not located inside any ROI (e.g., white matter voxels)
reported averages of connectivity from all 90 regions.

Group Analysis on Overall Maps and

Second-Level ROI Analyses

Overall connectivity maps for the 40 patients with schizo-
phrenia were compared with overall maps from the matched
sample of controls by means of standard linear models. Clus-
ter-based Gaussian random field methods available as part of
the FSL software (smoothest and cluster tools) were applied to
deliver maps of significant differences with a threshold of P
¼ 0.05 corrected and a z of 2.5 to create the initial clusters.

These maps showed areas where patients had abnormal lev-
els of net connectivity (either disconnection or hyper-connec-
tivity). Clusters found to be significantly different between
both groups were used as ROIs in a second-level comparison
(using the same P ¼ 0.05 threshold but a more restrictive z of
3.8). This comparison reported on more specific abnormal-
ities in connectivity patterns.

Finally, to evaluate the possible effects of medication or
duration of illness on the overall connectivity maps, we fit-
ted two regression models on the sample of 40 patients.
One of them used chlorpromazine equivalents as the inde-
pendent variable, and the other model used years of ill-
ness. Here, we applied the same threshold value of z ¼ 2.5
but a less conservative P-value of 0.1 to generate maps
with brain areas showing significant correlations with both
confounding variables.

RESULTS

A general view of overall connectivity maps is given in
Figure 4. These show diffuse patterns of higher net connectiv-
ity in cortical regions, including the insula, and in some sub-
cortical structures such as the thalami, whereas areas with
lower values are usually found in white matter regions and
ventricles. Reported connectivities are based on the modulus
of estimated partial coherences, which are always positive.
Hence, all values of overall connectivity are positive.

When the comparison in overall connectivity between
patients with schizophrenia and controls was performed, a
single cluster of increased connectivity (hyper-connectiv-
ity) was found in patients (Fig. 5). This cluster included,
bilaterally, frontomedial regions and parts of the anterior
cingulate. It then stretched down on the right side to

Figure 4.

Averaged image of overall connectivity maps from a sample of 40

healthy controls, based on partial coherences in the [0.1–0.025 Hz]

interval. Areas with higher net values of connectivity (shown in or-

ange) are largely located in the cortex and other grey matter struc-

tures, whereas low connectivity (shown in blue) is generally found

in white matter. A mask with CSF boundaries is shown in light grey.

The z MNI coordinates are given for each slice. Left side of the

image is left side of the brain. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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orbitofrontal areas, the anterior insula and ventral amyg-
dala. Cluster peak differences in net connectivity were
found in MNI coordinates (20, 18, �16; max z ¼ 3.54)
inside Brodmann area (BA) 11, with a probability of
0.00485 for the whole cluster. At these coordinates, the
observed mean difference in overall connectivity between
patients and controls was 0.0281.

A second-level connectivity analysis, taking the previous
cluster as a ROI, found abnormally increased connectivity
of this cluster with several cortical and subcortical regions

(Fig. 6). Interestingly, strongest hyper-connectivity was
found with the left caudate nucleus (peak difference in
[�16, 12, 8; max z ¼ 4.8], cluster P ¼ 0.00247, mean differ-
ence in partial coherences (pcoh) at peak ¼ 0.0861), reach-
ing the anterior left putamen. This abnormality was
bilateral, as it was also found in the right caudate (peak
difference in [10, 14, 0; max z ¼ 4.32], cluster P ¼ 0.0175,
mean difference in pcoh at peak ¼ 0.0789).

A third cluster with abnormally high connectivity with
the area of Figure 5 included sections of the right

Figure 5.

When comparing overall connectivity maps between patients with

schizophrenia and controls, a single cluster of hyper-connectivity is

found in the patients. This cluster contains regions within the ante-

rior node of the default mode network and other right ventral

structures (orbitofrontal cortex, anterior insula and ventral amyg-

dala). Overall connectivities were estimated in the [0.1–0.025 Hz]

interval, and a corrected P ¼ 0.05 threshold was used in the statisti-

cal analyses. The z MNI coordinates are given for each slice. Left

side of the image is left side of the brain. A T1 template was used

as a background. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 6.

Images showing areas that had a significantly anomalous connec-

tivity with the cluster in Figure 5 (which was taken as a ROI in a

second-level analysis). All regions were hyper-connected in the

patients. Abnormalities involved several subcortical structures;

most notably the caudate bilaterally, parts of both left and right

putamens, and right pallidum, amygdala and posterior hippocampus.

Cortical hyper-connected areas were found in the left insula, left

dorsal anterior cingulate and right dorsolateral prefrontal cortex.

Partial coherences were estimated in the [0.1–0.025 Hz] interval,

and a corrected P ¼ 0.05 threshold was used in the statistical anal-

yses. The z MNI coordinates are given for each slice. Left side of

the image is left side of the brain. A T1 template was used as a

background. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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putamen, pallidum and dorsal amygdala (coordinates of
peak [22, 2, �8; max z ¼ 4.58], cluster P ¼ 0.0193, mean
difference in pcoh at peak ¼ 0.0793), and another one was
located in the right posterior hippocampus (coordinates of
peak [30, �34, 2; max z ¼ 4.59], cluster P ¼ 0.0327, mean
difference in pcoh at peak ¼ 0.0594).

Finally, three other hyper-connected clusters included
cortical areas. One small cluster was found in the right
dorsolateral prefrontal cortex (peak difference in [44, 44,
14; max z ¼ 4.6], BA45, cluster P ¼ 0.0295, mean difference
in pcoh at peak ¼ 0.0804), another in the left dorsal ante-
rior cingulate and neighbouring white matter (coordinates
of peak [�16, 24, 22; max z ¼ 4.61], cluster P ¼ 0.0064,
mean difference in pcoh at peak ¼ 0.0816) and yet another
in the left insula, reaching parts of the left putamen (coor-
dinates of peak [�34, �2, 18; max z ¼ 4.86], BA48, cluster
P ¼ 0.0205, mean difference in pcoh at peak ¼ 0.0664).

The two regression analyses performed on the overall
connectivity maps of patients, assessing the potential effect
of medication dose and of duration of illness, did not
report any significant cluster.

DISCUSSION

Overall connectivity maps for the whole brain have
been derived through a new method that combines con-
nectivity values of ROIs from a comprehensive parcella-
tion of the brain. Although the method shares the same
objective and has some similarities with the technique pre-
viously proposed in Salvador et al. [2008], it delivers
global maps at the voxel level and it minimises the effect
of gross physiological fluctuations.

When the method was applied to explore differences in
net levels of connectivity between patients with schizo-
phrenia and healthy controls scanned while being at rest,
a single area of anomalous hyper-connectivity was found
in medial and orbital parts of the frontal cortex. Strikingly,
this area overlaps with the anterior node of the DMN,
bringing new evidence of the implication of this network
in schizophrenia. Although other studies have found
abnormal functional connectivity in this anatomical area
[e.g., Bluhm et al., 2007; Garrity et al., 2007; Whitfield-
Gabrieli et al., 2009], many of them were set to look for
specific differences in the DMN. In that sense, the strength
of our work relies on the global, non-directed nature of
findings through the overall connectivity maps.

A second-level analysis using this abnormal area as a
ROI found anomalous hyper-connectivity with several
cortical and subcortical structures. Most remarkably, both
caudate nuclei showed substantial hyper-connection with
the medial orbital prefrontal cortex in patients. This result
gives further support to previous hypotheses of schizo-
phrenia including the striatum [e.g., Robbins, 1990;
Andreasen, 1999], but it would mainly suggest a DMN–ba-
sal ganglia hyper-connection as a major disturbance in the
disease. In that sense, an abnormal functioning of the cor-

tico-striato-thalamic loop involving medial and ventral
frontal regions could explain, non-motor, cognitive deficits
observed in patients. In relation to this, our reported
fronto-striatal alteration could be underlying the previ-
ously described ‘failure to deactivate’ of the anterior node
of the DMN in working memory tasks [Pomarol-Clotet
et al., 2008; Whitfield-Gabrieli et al., 2009]. However,
beyond this central basal ganglia–DMN abnormality,
hyper-connectivity found with right hippocampus, amyg-
dala and other cortical regions would point to a more per-
vasive alteration of brain connectivity in schizophrenia.

On the other hand, though, the coarse temporal and spa-
tial resolutions of fMRI sequences do not bring much
information on the direct mechanistic processes underly-
ing the observed abnormalities, and we can only make
suggestions, on this subject, based on other data. Possibly,
structural alteration on any of the components of the
fronto-striatal circuit might have triggered these differen-
ces in connectivity. In that sense, converging evidence on
grey matter volume changes in medial frontal regions [see
reviews by Glahn et al., 2008; Honea et al., 2005; Ellison-
Wright et al., 2008] would point to these areas as potential
primary loci of alteration. Still, structural anomalies in
other regions of the brain, including white matter tracts,
could also lay behind the reported findings. Alternatively,
our results may be the consequence of dysregulation in
related brain systems such as the dopaminergic pathways,
which involve small midbrain nuclei and have connections
to the basal ganglia and cortical structures. Dysfunction in
these dopamine synaptic connections has long been pro-
posed as one possible primary cause of the disease (see,
for instance, the recent review by Howes and Kapur
[2009]).

While the resting-state condition analysed here may be
seen as too ambiguous [Morcom and Fletcher, 2007], find-
ing consistent patterns of abnormality in schizophrenia at
rest may lead to a more straightforward characterisation of
this pathology, avoiding problems related to task specifica-
tion and differential performance. We should acknowledge,
however, that proving the neural nature of connectivity pat-
terns found in resting-state studies is a complex task,
requiring supplementary work from other modalities and
techniques. Yet, this is a weakness shared as well with
more standard fMRI studies [Sirotin and Das, 2009].

Results found in the comparison between patients and
controls may have been influenced by other clinical factors
than illness itself. Some previous studies point to changes
in volume of brain structures with antipsychotic medica-
tion, specially the basal ganglia [e.g., Chakos et al., 1994;
Corson et al., 1999; Lieberman et al., 2005] possibly leading
to changes in connectivity patterns as well. Other studies,
though, find that if present, structural changes are of a
less extent than those linked to the evolution of disease
(see review of Hulshoff and Kahn [2008]). Indeed, dura-
tion of illness and chronicity are other aspects that have
been related to brain changes in schizophrenia [e.g., Lap-
pin et al., 2006; Takahashi et al., 2007].
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Here, we failed to find any significant relation between
neuroleptic dose (given in chlorpromazine equivalents), ill-
ness duration and the proposed overall connectivity mea-
sure. Both confounding variables were analysed on a
reasonably big sample (40 patients), having a significant
amount of variability (with a range of 100 to 2,740 mg/
day for medication and 3 to 31 years for illness duration)
and using a rather permissive P-value of 0.1. Hence, nega-
tive results found here would not suggest a primary role
of these two confounding variables on shaping overall
connectivity levels. However, future studies on unmedi-
cated patients and on first-episode cases may be needed to
ratify our current results.

The connectivity methods described here are based on
association measures in the frequency domain (mainly
coherences and partial coherences). Such measures may be
seen as extensions of the more usual correlations or partial
correlations [e.g., Biswal et al., 1995, Fox et al., 2006; Salva-
dor et al., 2005b], and they are natural alternatives for
these standard methods when applied with predefined
seeds or ROIs. Conversely, instead of using partial coher-
ences, in this study we could have averaged standard cor-
relation or partial correlation maps of all regions of the
parcellation to obtain a simplified version of the overall
connectivity maps.

Yet, we have chosen to use frequency domain measures
for several reasons. On one hand, the dynamics of differ-
ent sources of physiological noise (mainly respiration and
heart pulses) are better characterised in this domain. Fur-
thermore, apart from the possibility of describing time dy-
namics at different scales (i.e., at various frequency
bands), frequency based measures of association allow
quantifying non-instantaneous relations. Most crucially,
what in standard analyses are described as positive or
negative correlations appear as just two specific cases in a
continuum of possibly non-synchronous dynamics. In that
sense, although the information relating to the phase may
be relevant to understand the nature of the relations stud-
ied, the primary interest of a connectivity analysis per-
formed in the frequency domain will be on the modulus
of (partial) coherences. The modulus quantifies the levels
of covariability between time series regardless of their
phase.

As shown by recent research on the spatiotemporal dy-
namics of the BOLD signal in rodents [Majeed et al., 2009],
both low-frequency cortical propagating waves and physi-
ological noise lead to dephased time signals in different
areas of the brain. While such non-synchronous relations
will be hardly detected or just plainly missed by standard
association measures like correlations, frequency-based
association measures may describe them adequately.

Values reported in overall connectivity maps, though,
will depend in some degree on the parcellation used. The
boundaries of each region in the template and its relative
size will condition its weight on the connectivity measure.
In previous works [Salvador et al., 2007, 2008], we already
described biases in connectivity due to size and number of

regions considered. However, the fact that results are now
reported at the voxel level and that calculations for each
voxel are based on the same ROIs will avoid the spatial
inconsistencies described previously. Further analyses
comparing outcomes from different whole brain parcella-
tions (in a similar way to Wang et al. [2009]) may help in
evaluating the sensitivity of the method. Additional work
may explore, as well, connectivity levels in frequency
bands other than the 0.1–0.025 Hz interval, or the selection
of new points of high variance for a better characterisation
of physiological noise.

Finally, it should be recalled that, in essence, the over-
all measure proposed here is an arithmetic mean. Hence,
it only reports on net or averaged levels of connectivity,
being non-informative on the specific connections
involved (a second-level analysis as the one carried out
in this study will be required to obtain such information).
In that sense, it is possible to find similar values of over-
all connectivity concealing significant differences in
regional connectivity patterns, just because on average
they level off. However, devising an alternative scalar
measure, which could both summarise mean levels of
connectivity and disambiguate these differences, seems
challenging.

CONCLUSIONS

In summary, we have derived overall connectivity maps
for the whole brain through a new method that combines
connectivity values of ROIs from an exhaustive parcella-
tion of the brain. The main results obtained from applying
this new methodology on a sample of patients with schizo-
phrenia suggest a model for the disease where malfunc-
tion in the anterior node of the DMN would be linked to a
subcortical abnormality. More specifically, the outcome of
this study would give further support for a fronto-striatal
hypothesis of schizophrenia. However, significant results
found in other areas would indicate a more pervasive
alteration of brain connectivity in this pathology. New
studies with first episode and drug free patients will be
needed to consolidate the findings.
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