SCHRES-04572; No of Pages 8
Schizophrenia Research xxx (2011) xxx–xxx

Contents lists available at ScienceDirect

Schizophrenia Research
j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / s c h r e s

Functional resting-state networks are differentially affected in schizophrenia
Neil D. Woodward a,⁎, Baxter Rogers b, Stephan Heckers a
a
b

Psychotic Disorders Program & Psychiatric Neuroimaging Program, Department of Psychiatry, Vanderbilt University School of Medicine, Nashville, TN, United States
Vanderbilt Institute of Imaging Sciences, Vanderbilt University, Nashville, TN, United States

a r t i c l e

i n f o

Article history:
Received 5 October 2010
Received in revised form 26 February 2011
Accepted 4 March 2011
Available online xxxx
Keywords:
Schizophrenia
Resting-state
fMRI
Default mode
Dorsal attention
Executive control

a b s t r a c t
Neurobiological theories posit that schizophrenia relates to disturbances in connectivity between brain
regions. Resting-state functional magnetic resonance imaging is a powerful tool for examining functional
connectivity and has revealed several canonical brain networks, including the default mode, dorsal attention,
executive control, and salience networks. The purpose of this study was to examine changes in these networks
in schizophrenia. 42 patients with schizophrenia and 61 healthy subjects completed a RS-fMRI scanning
session. Seed-based region-of-interest correlation analysis was used to identify the default mode, dorsal
attention, executive control, and salience networks. Compared to healthy subjects, individuals with
schizophrenia demonstrated greater connectivity between the posterior cingulate cortex, a key hub of the
default mode, and the left inferior gyrus, left middle frontal gyrus, and left middle temporal gyrus.
Interestingly, these regions were more strongly connected to the executive control network in healthy control
subjects. In contrast to the default mode, patients demonstrated less connectivity in the executive control and
dorsal attention networks. No differences were observed in the salience network. The results indicate that
resting-state networks are differentially affected in schizophrenia. The alterations are characterized by
reduced segregation between the default mode and executive control networks in the prefrontal cortex and
temporal lobe, and reduced connectivity in the dorsal attention and executive control networks. The changes
suggest that the process of functional specialization is altered in schizophrenia. Further work is needed to
determine if the alterations are related to disturbances in white matter connectivity, neurodevelopmental
abnormalities, and genetic risk for schizophrenia.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Dysconnectivity hypotheses of schizophrenia postulate that the
disorder relates to abnormalities in neuronal connectivity (Bullmore
et al., 1997; Andreasen et al., 1998; Friston, 1999; Stephan et al.,
2009). Contemporary dysconnectivity theories posit that disturbed
neural connectivity results from a combination of genetic and
environmental risk factors that impinge upon normal neurodevelopment (Bullmore et al., 1997; Maynard et al., 2001; Karlsgodt et al.,
2008). Reduced dendritic length and spine density, altered coherence
in brain activity across cortical regions during task performance, and
identiﬁcation of schizophrenia susceptibility alleles and increased
copy number variants in genes related to neuronal signaling and
neurodevelopment are all consistent with dysconnectivity theories
(Walsh et al., 2008; Lewis and Sweet, 2009; Woodward et al., 2009;
Glessner et al., 2010; Uhlhaas and Singer, 2010).
Resting-state functional magnetic resonance imaging (fMRI) has
revealed that spontaneous neural activity, inferred on the basis of
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Hospital, Suite 3057, 1601 23rd Ave. S., Nashville, TN 37212, United States. Tel.: +1 615
322 8361; fax: +1 615 936 3563.
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blood-oxygen-level dependence (BOLD) response time-series data,
correlates across brain regions and is organized into spatially
segregated functional connectivity networks (e.g. Fox et al., 2005).
In addition to basic sensory and motor networks, RS-fMRI has
identiﬁed several, ‘higher-order’ resting-state networks (RSNs) consisting primarily of interconnections between heteromodal association cortical regions (Biswal et al., 1995, 1997; Li et al., 2000; Greicius
et al., 2003; Fox et al., 2005; Vincent et al., 2008). They include; 1) the
well known default mode network (DMN), which is comprised of
posterior cingulate cortex (PCC)/precunues, ventro-medial prefrontal
cortex (vmPFC), lateral parietal cortex, and mesial temporal lobe
structures; 2) a dorsal attention network (DAN) consisting of the
intraparietal sulcus (IPS)/superior parietal lobule (SPL), frontal eye
ﬁelds (FEF), and extrastriate visual areas (middle temporal: area MT+);
3) a dorsolateral prefrontal cortex (dlPFC)-parietal executive control
network (ECN); and 4) the ‘salience’ network that includes inferior
frontal gyrus/anterior insular cortex and the anterior cingulate. The
relevance of resting-state connectivity to individual differences in
behavior and neuropsychiatric disorders is an area of intense investigation. The DMN, DAN, and ECN have been linked to memory, attention,
and executive cognitive functions, respectively (Hampson et al., 2006;
Seeley et al., 2007; Carter et al., 2010; Wang et al., 2010a, 2010b).
Consequently, these networks may be particularly relevant to
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schizophrenia given their association with cognitive functions known to
be impaired in schizophrenia.
A number of studies have examined RSNs in schizophrenia,
especially the DMN. There is strong evidence that the DMN is
abnormal in schizophrenia; although, ﬁndings are mixed with reports
of both increased connectivity between brain regions comprising the
DMN (Zhou et al., 2007b; Whitﬁeld-Gabrieli et al., 2009), and even
expansion of the DMN to include additional brain regions (Mannell
et al., 2010; Salvador et al., 2010; Skudlarski et al., 2010), and
decreased connectivity (Bluhm et al., 2007; Camchong et al., in press;
Rotarska-Jagiela et al., 2010). Considerably less is known about the
integrity of other RSNs (Seeley et al., 2007; Zhang et al., 2009; Carter
et al., 2010). Altered connectivity within a fronto-parietal network has
been reported in several studies (Zhou et al., 2007a; Rotarska-Jagiela
et al., 2010; Skudlarski et al., 2010); although one study did not ﬁnd
abnormal dlPFC connectivity in antipsychotic naïve ﬁrst episode
patients (Lui et al., 2009).
The lack of deﬁnitive conclusions may relate to the relatively small
number of patients included in most studies (20 or fewer in many
cases), limited data on networks other than the DMN, and the
diversity of methods used to quantify connectivity. Moreover, it's
unclear if some RSNs are differentially affected in schizophrenia as
most studies focused on just one network. The purpose of this
investigation was to examine the effects of schizophrenia on four
canonical RSNs: the default mode, dorsal attention, executive control,
and salience networks.

2. Methods
2.1. Participants
42 patients with schizophrenia (n= 28) and schizoaffective disorder
(n= 14) and 61 healthy control subjects matched for age, gender,
ethnicity, and parental education participated in this study. Subject
demographics are presented in Table 1. With the exception of age at
illness onset being earlier in schizoaffective patients (17.7 vs. 22.8;
t = 2.24, p = .031), no signiﬁcant differences in demographics or clinical
symptoms were observed between the schizophrenia and schizoaffective patient groups. We will refer to the patient group as the
schizophrenia group throughout the remainder of the paper. Patients
were recruited from inpatient and outpatient services at the Vanderbilt
Psychiatric Hospital in Nashville, Tennessee. This study was approved by
the Vanderbilt University Institutional Review Board and all subjects
provided written informed consent prior to participating in the study.
Subjects were administered the Structured Clinical Interview for
Diagnosing DSM-IV Disorders (SCID: First et al., 1996) to conﬁrm
diagnoses in patients and rule out current or past psychiatric illness in
control subjects. Schizoaffective patients were also administered the

schizoaffective module of the Diagnostic Interview for Genetic Studies
(DIGS: Nurnberger, Jr. et al., 1994) to conﬁrm the presence of mood
symptoms for 30% or more of the total duration of illness. Clinical
symptoms in patients were quantiﬁed with the Positive and Negative
Syndrome Scale (PANSS: Kay et al., 1987). Pre-morbid IQ was estimated
using the Wechsler Test of Adult Reading (WTAR: Wechsler, 2001).
Exclusion criteria included: estimated pre-morbid IQ less than 80, age
less than 16 or greater than 65, presence of a systemic medical illness
(i.e. diabetes, cardiovascular disease) or central nervous system disorder
(i.e. multiple sclerosis, epilepsy) that would affect study participation,
history of signiﬁcant head trauma, reported pregnancy or lactation,
substance abuse within last three months (patients), or lifetime history
of substance abuse/dependence (controls), psychotropic drug use
(controls), and MRI contra-indicators (i.e. metal implants, claustrophobia). With the exception of one patient who was not taking an
antipsychotic drug (APD), patients were taking either one second
generation APD (n = 33); a combination of second generation APDs
(n= 4); a ﬁrst generation APD (n= 1); or a combination of ﬁrst and
second generation APDs (n= 3).
2.2. Imaging data acquisition and analysis
Complete details of the imaging data acquisition and analysis are
presented in the Supplemental Materials. Brieﬂy, a 7-minute restingstate echo-planar imaging (EPI) scan (28 axial slices, matrix= 80× 80,
3.0 mm × 3.0 mm in-plane resolution, slice thickness= 4.0 mm, 203
volumes, TR/TE= 2000/35 ms) was acquired on each subject. Subjects
were instructed to rest quietly with their eyes closed and not to fall asleep
during the scan. A high resolution T1-weighted fast ﬁeld echo (FFE)
structural scan (170 sagital slices, matrix = 256 × 256, 1.0 mm isovoxel
resolution, TR/TE =8.0/3.7 ms) was also acquired. Pre-processing of the
functional data included motion correction, slice timing correction, bandpass ﬁltering (0.01 Hz b f b 0.1 Hz), coregistration to structural scan,
spatial normalization to MNI space, and spatial smoothing (8 mm
Gaussian kernel). Each subject's structural scan was segmented into grey
matter, white matter, and CSF tissue classes using the uniﬁed
segmentation approach implemented in SPM5 with default settings.
2.2.1. Resting-state fMRI: seed-to-voxel analysis
The CONN-fMRI Functional Connectivity toolbox v1.2 (http://www.
nitrc.org/projects/conn cited in Whitﬁeld-Gabrieli et al., 2011) was used to
create individual subject seed-to-voxel connectivity maps. The seed ROIs
consisted of 6 mm radius spheres centered on MNI coordinates used to
identify the corresponding networks in prior studies (Vincent et al., 2006;
Seeley et al., 2007; Vincent et al., 2008). Each RSN and their corresponding
seed ROI (in MNI coordinates) were as follows: DMN (PCC: 1–55 17); DAN
(left and right IPS/SPL: −25 −53 52/25 −57 52); ECN (left and right
dlPFC: −42 34 20/44 36 20); salience network (left and right fronto-

Table 1
Demographic characteristics.
Variable

Controls

Schizophrenia

x2

p

N
Gender (male:female)
Ethnicity (White:AA:Other)

61
33:28
50:10:1

42
27:15
28:13:1

1.06
3.20

.303
.202

Age
Parental ED
Education
Premorbid IQ
Age illness onset
Duration of illness
PANSS Positive
PANSS Negative
PANSS General

Mean

SD

Mean

SD

t

p

33.1
14.0
4.4
111.3
–
–
–
–
–

11
2.0
1.5
10.4
–
–
–
–
–

36.9
13.5
2.9
103.0
21.3
15.3
19.2
13.8
32.2

11.9
2.8
1.5
12.8
6.9
11.1
7.4
6.2
7.8

− 1.70
0.63
4.97
3.46
–
–
–
–
–

.092
.530
.000
.001
–
–
–
–
–
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insular cortex: −32 26 −14/38 22–10). The mean time series from each
ROI was used as a predictor in a multiple regression general linear model
(GLM) at each voxel. Regressors corresponding to the 6 motion correction
parameters, and their ﬁrst temporal derivatives, global grey matter, white
matter, and CSF were also included to remove variance related to motion,
the global, white matter, and CSF signals, respectively. Regressors for the
global, white matter, and CSF signals were created by extracting the BOLD
time-courses from the tissue class segmented images (grey matter, white
matter, CSF), averaged across all voxels within each tissue class. Consistent
with prior studies (Vincent et al., 2006; Vincent et al., 2008), for networks
with bilateral ROI seeds the connectivity maps derived from the left and
right ROI were averaged to create a single connectivity map.
Second level random effects analyses were used to create within
group statistical parametric maps (SPMs) for each network and to
examine connectivity differences between groups. For the within
group analyses, the SPMs generated for each network were thresholded at the whole-brain cluster-level corrected alpha level .05 for
voxel-wise p = .001 to show regions positively correlated with the
seed ROI. For each network, the within group thresholded maps of
positive correlation were combined across patient and control groups
to create a single mask containing voxels that positively correlated
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with the seed ROI at the a-priori threshold in either the patient or
control groups. These were used to restrict the between groups
analysis to only those voxels that positively correlated with the
respective network seeds in either the control or patient groups. The
between groups SPMs were thresholded at the whole-brain clusterlevel corrected alpha .05 for voxel-wise p-value of .005.
2.2.2. Resting-state fMRI: ROI-to-ROI analysis
To further determine if connectivity in patients differed from the
“normal” pattern of connectivity, the BOLD time series was extracted
from each cluster in a network and correlated with the BOLD timeseries signal of every other cluster in the network to create a
correlation matrix showing connectivity between each region within
the network. Mean network connectivity (mean of all pair-wise
correlations within a network) was calculated and compared between
groups. Because we were interested in the extent to which
connectivity differed from the normal pattern and determining if
the changes observed in patients could be detected by applying
network maps derived from a control group, the regions used in this
analysis were extracted from the control group. We used a stringent
threshold (FWE = .01 for the DMN, ECN, and salience networks, and

Fig. 1. Resting-state networks are differentially affected in schizophrenia. Based on the normal topography of the selected resting-state networks, mean connectivity in the dorsal
attention and executive control networks was reduced in schizophrenia. Note: seed regions used to identify each network are shown as blue circles. Abbreviations: Ctr = Control
subjects; Scz = Schizophrenia. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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t = 8.5 for the DAN) in order delineate separate clusters within larger
regions that showed connectivity to the original network seed ROI.
This was particularly relevant to the DAN which included a large
swath of cortex that enveloped the IPS/SPL and area MT+. The higher
threshold used for the DAN allowed us to separate this region into two
separate ROIs. The regions included in each network, along with their
anatomical labels, are presented in Supplemental Fig. 1.
3. Results
3.1. Seed-to-voxel analysis
Visual inspection of the RSNs indicated that the connectivity maps
for both groups were consistent with prior ﬁndings (see Fig. 1).
Second level analyses revealed a number of differences between
patients and controls in the DMN, DAN, and ECN, but not salience
networks (see Table 2). Patients demonstrated greater connectivity
between the PCC seed ROI and the left inferior gyrus, left middle
frontal gyrus, and left middle temporal gyrus (See Fig. 2A). These
regions were not part of the DMN in controls, based on connectivity
with the PCC, suggesting that the spatial topography of the DMN may
be altered in schizophrenia. Prior work has shown that there is very
little spatial overlap between the DMN and other networks and that
even adjacent cortical regions show markedly different connectivity
patterns (Vincent et al., 2008). Remarkably, the clusters showing
increased connectivity with the DMN PCC seed ROI in patients
overlapped with the ECN in controls (see Fig. 3) suggesting that these
regions were not showing the normal pattern of functional specialization. To follow up on this speculation, we examined connectivity
between the three clusters and the ROIs comprising the DMN and ECN
used in the ROI-to-ROI analysis described below. We calculated each
cluster's mean connectivity with the DMN and ECN and performed
paired t-tests to see if each cluster showed greater connectivity with the
DMN or ECN. As expected, in controls, each cluster was more strongly
connected to the ECN than DMN (all paired t-tests N 3.27, p b .003).
However, in patients, only the left middle temporal gyrus cluster was
more strongly connected with the ECN than DMN (t(41) = 3.75,
p b .002). The remaining two clusters, left inferior frontal gyrus and
left middle frontal gyrus did not show greater connectivity with either
the DMN or ECN (t(41) = 0.19, p N .849; and t(41) = 1.51, p N .138,

respectively). These ﬁndings suggest that the functional specialization
of prefrontal cortical regions is altered in schizophrenia.
In contrast to the DMN, connectivity with the DAN and ECN seed
ROIs was reduced in schizophrenia. In the DAN, patients exhibited less
connectivity between the seed IPS/SPL ROI and the right posterior
parietal gyrus, and a large swath of extrastriate cortex, bilaterally, that
included portions of area MT+, lingual gyrus, middle occipital gyrus,
and fusiform gyrus. For the ECN, connectivity between the seed ROI
and a region of the right prefrontal cortex corresponding to the right
middle frontal gyrus was reduced in schizophrenia patients. No
differences in connectivity with the fronto-insular salience network
seed ROI were detected. Although the sample sizes after stratiﬁcation
were small, we examined differences between schizophrenia and
schizoaffective patients in each cluster identiﬁed in the between
groups analysis (controls vs. schizophrenia). No differences were
found between schizophrenia and schizoaffective patients (all pvalues N .05). Moreover, ANOVA analysis indicated that both schizophrenia and schizoaffective groups differed from controls in each of
the seven clusters (all p-values b .008).
3.2. Correlations between functional connectivity and clinical symptoms
We extracted the connectivity beta weights from the seven
clusters identiﬁed in the between groups analysis and ran correlations
between functional connectivity in these clusters and PANSS positive,
negative, and general symptoms. Of the three clusters demonstrating
greater connectivity with the DMN seed ROI (PCC) in schizophrenia, a
signiﬁcant positive correlation between PCC-left middle frontal gyrus
connectivity and PANSS general symptoms was observed (r = .38,
p = .013) indicating that the expansion of the DMN observed in
schizophrenia was associated with worse overall psychopathology.
No additional correlations were found.
3.3. ROI-to-ROI analysis
Consistent with the seed-to-voxel analysis, mean connectivity was
reduced in the DAN (t(101) = 2.32, p = .022) and ECN (t(101) = 2.36,
p = .020), but not salience network (see Fig. 1). Moreover, we did not
observe any group differences in overall connectivity within the DMN
(t(101) = 0.06, p = .956). Again, this is consistent with the seed-to-

Table 2
Resting-state network alterations in schizophrenia.
MNI coordinates
Network

Contrast

Brain region

X

Y

Z

Defualt Mode

Ctrl N Scz
Scz N Ctrl L.

No Signiﬁcant Differences Found
Middle Frontal Gyrus (BA 10)
L. Inferior Frontal Gyrus (BA 47)
L. Middle Temporal Gyrus (BA 20)
L. Middle Frontal Gyrus (BA 6)
L. Middle Frontal Gyrus (BA 9)
L. Middle Frontal Gyrus (BA 8)
R. Superior Parietal Gyrus (BA 7)
L. Fusiform Gyrus (BA 19)
L. Fusiform Gyrus (BA 19)
L. Middle Occipital Gyrus (BA 19)
R. Lingual Gryus (BA 17)
R. Cuneus (BA 30)
R. Fusiform (BA 19)
No Signiﬁcant Differences Found
R. Precentral Gyrus (BA 6)
R. Middle Frontal Gyrus (BA 9)
R. Middle Frontal Gyrus (BA 9)
No Signiﬁcant Differences Found
No Signiﬁcant Differences Found

–
− 34
− 28
− 64
− 38
− 46
− 38
22
− 24
− 18
− 32
24
32
34
–
44
38
40
–
–

–

–
− 16
− 14
− 12
54
32
44
48
− 16
− 16
20
6
12
−8
–
26
24
34
–
–

Dorsal attention

Executive control

Salience

Ctrl N Scz

Scz N Ctrl
Ctrl N Scz

Ctrl N Scz
Scz N Ctrl

42
34
− 46
14
18
24
− 54
− 76
− 84
− 92
− 82
− 76
− 72
–
8
18
0
–
–

Peak
T-value

Cluster size
(Voxels)*

–
4.64
4.50
4.00
3.85
3.15
2.91
4.97
4.15
4.00
3.91
4.06
3.78
3.75
–
4.92
3.90
3.60
–
–

–
228
230
271

331
1643

1336

–
706

–
–

Table shows up to 3 local maxima within a cluster more than 8.0 mm apart
* Voxel size = 2 × 2 × 2 mm
Abbreviations: BA = Brodmann's Area; Ctrl = Control; L = Left; R = Right; Scz = Schizophrenia
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Fig. 2. Resting-state functional connectivity differences between schizophrenia patients and healthy control subjects in the default mode, dorsal attention, and executive control
networks. Compared to control subjects, patients demonstrated greater connectivity between the PCC seed ROI and the left inferior frontal gyrus, left middle frontal gyrus, and left
middle temporal gyrus (Top Panel). In contrast, patients demonstrated reduced connectivity between the dorsal attention IPS/SPL seed ROI and right superior parietal gyrus and
bilateral extrastriate visual areas (Middle Panel). Similarly, connectivity between the executive control dlPFC seed ROI and right middle frontal gyrus was reduced in schizophrenia
(Bottom Panel). Abbreviations: Ctr = Control group; L = Left; R = Right; Scz = Schizophrenia group.

voxel analysis as the regions showing increased connectivity in
patients in the voxelwise analysis were outside the “normal” DMN
and, therefore, not included in this analysis. Consistent with the
seed-based voxelwise analysis, mean network connectivity did not
differ between schizophrenia and schizoaffective patients (all
p-values N .419). The connectivity matrices for each network with
pair-wise connectivity color coded by strength are presented in
Supplemental Fig. 2. Between group comparisons of the pair-wise
connections for the DAN and ECN networks indicated that
interhemispheric connections between homotopic brain regions,
IPS/SPL and MT+, appeared to be particularly affected in the DAN,
while dlPFC connectivity with temporal and parietal regions was
reduced in the ECN. Complete results of this analysis are depicted
graphically in Supplemental Fig. 3.

4. Discussion
Our ﬁndings indicate that resting-state functional connectivity
disturbances vary by network in schizophrenia. Speciﬁcally, patients
demonstrated greater connectivity between the PCC, the key hub of
the DMN, and regions of the prefrontal and temporal lobe not
normally considered part of the DMN. Conversely, connectivity was
markedly reduced in the DAN and ECN networks. In the DAN,
connectivity between the IPS/SPL seed ROI and parietal and extrastriate visual areas was reduced. Similarly, connectivity between the
ECN seed ROI and the right middle frontal gyrus was reduced in
patients. These ﬁndings support dysconnectivity models of schizophrenia, but indicate that the alterations in connectivity are
characterized by both qualitative and quantitative changes that vary
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Fig. 3. Functional segregation between the default mode and executive controls networks is reduced in schizophrenia. Default mode functional connectivity, based on correlation
with a PCC seed ROI, in schizophrenia and healthy subjects is shown in Panels A and B. The blue clusters indicate regions where patients demonstrated greater connectivity than
controls with the PCC. As shown in Panel C, these regions overlapped with the executive control network observed in healthy subjects (based on connectivity with a dlPFC seed ROI).
The connectivity proﬁles of these regions differed between groups (Panel D). In healthy subjects, these regions correlated more strongly with executive control network regions than
default mode regions. In contrast, only one of the clusters, left middle temporal gyrus, demonstrated greater connectivity with executive control network regions than the default
mode in schizophrenia (* within group paired t-test p b .05). Abbreviations: Ctrl = Control subjects; dlPFC = Dorsolateral prefrontal cortex; IFG = Inferior frontal gyrus; L = Left;
MFG = Middle frontal gyrus; MTG = Middle temporal gyrus; PCC = Posterior cingulate cortex; ROI = Regions-of-interest; Scz = Schizophrenia. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

across networks rather than a global increase or decrease in
connectivity.
Increased connectivity in the DMN has been previously reported in
schizophrenia. In some cases patients demonstrated hyper-connectivity between regions that are normally part of the DMN, such as the
PCC and mPFC (Whitﬁeld-Gabrieli et al., 2009), whereas other groups
reported qualitative changes in the DMN similar to our results
(Mannell et al., 2010; Salvador et al., 2010; Skudlarski et al., 2010). For
example, Skudlarski et al. (2010), Salvador et al. (2010), and Mannel
et al. (2010) found that the DMN is expanded in schizophrenia to
include inferior frontal/orbitofrontal and lateral temporal regions.
Similarly, Garrity et al. (2007) reported increased DMN connectivity
in frontal and lateral temporal cortical areas in patients during a
passive auditory oddball paradigm.
Our ﬁndings build upon prior studies by showing that the regions
demonstrating greater connectivity with the DMN seed ROI in
patients overlap with the ECN in control subjects, and that
connectivity within the ECN and DAN is reduced. There are prominent
changes in the topography of RSNs and interactions between
networks over the course of normal brain maturation (Fair et al.,
2008; Fair et al., 2009; Stevens et al., 2009). Broadly speaking,
between childhood and adulthood there is a shift from diffuse to local
processing characterized by strengthening of long range connections
and increased segregation between networks (Fair et al., 2007, 2009;
Stevens et al., 2009; Uddin et al., 2010). The fact that: 1) the regions
showing greater connectivity with the PCC overlapped with the
normal topography of the ECN in controls; 2) two of the three clusters,
left inferior and middle frontal gyrus, failed to show the normal
pattern of greater connectivity with the ECN; and 3) connectivity in
the ECN and DAN was reduced suggest that the normal segregation
between networks and increasing within network connectivity that
occurs during development may be compromised in schizophrenia. It

is also interesting in this regard that connectivity between homotopic
brain regions within the DAN was reduced in patients. Homotopic
connectivity is present in infants and is highly dependent on transcollosal white matter tracts (Fransson et al., 2007; Johnston et al.,
2008; Honey et al., 2009). Consequently, in contrast to the alterations
observed in the DMN, which may reﬂect abnormalities in experience
dependent maturation of cortical functional specialization, reduced
homotopic connectivity may reﬂect disturbances in white matter
connectivity as a consequence of genetic risk and/or pre/peri-natal
insults.
Altered connectivity within the DMN may have implications for
cognition and task-related brain activity. Whitﬁeld-Gabrieli et al.
(2009) found that increased connectivity in the DMN was associated
with abnormal working memory related activity in the dorsolateral
prefrontal cortex. Moreover, the normal inverse association between
components of the DMN and dorsolateral PFC was absent in patients;
an observation that is reminiscent of our ﬁndings showing that the
expanded DMN regions in schizophrenia are normally part of the ECN.
Given that abnormal prefrontal activation during performance of a
wide range of cognitive tasks is ubiquitous in schizophrenia
(Minzenberg et al., 2009); DMN dysfunction may be a central
neurobiological feature of the disorder with important implications
for task-evoked brain activity and cognitive functioning. However,
such alterations in the normally antagonistic relationship between the
default and executive networks may not be unique to schizophrenia
(e.g. Daniels et al., 2010).
Reduced connectivity within the DAN may also be relevant to
cognitive impairment and task-evoked brain activation in schizophrenia. Resting-state connectivity within the DAN correlates with
visual attention deﬁcits in stroke patients and individuals with
temporal lobe epilepsy (Zhang et al., 2009; Carter et al., 2010).
Moreover, combined task-evoked BOLD response and resting-state
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fMRI studies have revealed important relationships between spontaneous ﬂuctuations and task performance related brain activity.
Speciﬁcally, Mannell et al. (2010) found that the magnitude of BOLD
response observed during performance of a visual attention task was
related to the degree to which the region correlated with key nodes of
the DAN, IPS and area MT+ in particular. It is tempting to hypothesize
that reduced resting-state connectivity within the DAN will be
associated with deﬁcits in visual attention and reduced task-evoked
BOLD response in schizophrenia.
In conclusion, schizophrenia is associated with marked changes in
connectivity within key RSNs. The changes are characterized by
topographical expansion of the DMN, and reduced connectivity in the
DAN and ECN. Future studies with larger sample sizes, including
enough subjects to carry out meaningful comparisons between
schizophrenia and schizoaffective disorders, and abundant phenotypic data will be required to fully characterize RSN alterations in
schizophrenia and determine their functional consequences.
Supplementary materials related to this article can be found online
at doi:10.1016/j.schres.2011.03.010.
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