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Objective: Cognitive dysfunction is a core feature of schizo-
phrenia, and persons at risk for schizophrenia may show
subtle deficits in attention and working memory. In this
study, we investigated the relationship between integrity
of functional brain networks and performance in atten-
tion and working memory tasks as well as schizophrenia
risk. Methods: A total of 235 adults representing 3 levels
of risk (102 outpatients with schizophrenia, 70 unaffected
first-degree relatives of persons with schizophrenia, and
63 unrelated healthy controls [HCs]) completed resting-
state functional magnetic resonance imaging and a bat-
tery of attention and working memory tasks (Brief Test
of Attention, Hopkins Verbal Learning Test, and Brief
Visuospatial Memory Test) on the same day. Functional
networks were defined based on coupling with seeds in the
dorsal anterior cingulate cortex, dorsolateral prefrontal
cortex (DLPFC), medial prefrontal cortex (MPFC), and
primary visual cortex. Networks were then dissected into
regional clusters of connectivity that were used to gener-
ate individual interaction matrices representing functional
connectivity within each network. Results: Both patients
with schizophrenia and their first-degree relatives showed
cognitive dysfunction compared with HCs. First canonicals
indicated an inverse relationship between cognitive perfor-
mance and connectivity within the DLPFC and MPFC
networks. Multivariate analysis of variance revealed mul-
tivariate main effects of higher schizophrenia risk status
on increased connectivity within the DLPFC and MPFC
networks. Conclusions: These data suggest that excessive

connectivity within brain networks coupled to the DLPFC
and MPFC, respectively, accompany cognitive deficits in
persons at risk for schizophrenia. This might reflect com-
pensatory reactions in neural systems required for cognitive
processing of attention and working memory tasks to brain
changes associated with schizophrenia.
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Introduction

Schizophrenia is a chronic and disabling neuropsychiatric
illness associated with genetic and environmental risk
factors for abnormal brain development.!” Although
the diagnosis of schizophrenia is predominantly defined
by signs of psychosis,® cognitive impairment is a key
characteristic of the disease and might predict long-term
functional outcome more strongly than the severity of
psychotic symptoms.*® Moreover, cognitive dysfunction
in schizophrenia typically precedes the onset of psychotic
symptoms’ and is seen in unaffected first-degree relatives
of patients with schizophrenia, thus potentially reflecting
an early phenotype of brain changes associated with
elevated risk for schizophrenia.®!'* Although patients with
schizophrenia experience deficits in various cognitive
skills, attention and working memory are particularly
affected.'*! Many tests are available to assess attentional
and working memory performance levels. In this study,
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we used the Brief Test of Attention (BTA) and the first
learning trials of both the Hopkins Verbal Learning
Test-Revised (HVLT-R) and Brief Visuospatial Memory
Test-Revised (BVMT-R) as described below.?*

Functional magnetic resonance imaging (fMRI) using
the blood oxygen level-dependent (BOLD) contrast is a
standard technique for noninvasively measuring neuro-
nal activity based on changes in magnetization by imag-
ing the hemodynamic variance.”>?¢ Patterns of neuronal
interaction can be assessed based on changes in func-
tional connectivity as measured by synchrony of BOLD
signal in spatially remote brain regions.”””* Functional
connectivity may be assessed by applying independent
component analysis*®** or seed-driven approaches’*
to identify altered functional coupling in neuropsychiat-
ric disease. Seed-driven functional connectivity analysis
can delineate functional topography and disease-related
changes by dissociating functionally and anatomically
heterogeneous brain regions of interest.*** An integrated
approach of assessing seed-based functional connectivity
and component-based reduction of noise has been pub-
lished recently.*346

Basal neural activity of brain systems associated with
cognitive processing is reflected by the presence of several
low-frequency networks at rest.3*338474 Resting-state
functional networks that are implicated in processing
of attentional and working memory tasks include the
cingulo-opercular (CON), default-mode (DMN), fronto-
parietal (FPN), and visual processing (VIN) networks.
Brain regions that comprise these functional networks
can be identified based on BOLD signal coupling to seeds
located in the dorsal anterior cingulate cortex (dACC),
medial prefrontal cortex (MPFC), dorsolateral prefron-
tal cortex (DLPFC), and primary visual cortex (BA17),
respectively.®’

Although several studies reported alterations of func-
tional brain network connectivity in patients with schizo-
phrenia and their siblings,®* % schizophrenia-related
attention and working memory deficits also have been
correlated with distinct alterations of functional cou-
pling, particularly hyperactivity of the DMN.**%¢ One
recent study reported increased activity of the DMN
during a working memory task and also at rest in both
patients with schizophrenia and unaffected siblings
compared with healthy controls (HCs), suggesting an
impact of network connectivity on schizophrenia-related
thought disturbances and also on risk for the illness.”
However, to our knowledge, no studies have been pub-
lished addressing the relationship between basal neural
activity within networks associated with cognitive brain
systems implicated in processing of attention and work-
ing memory tasks, and respective test performance in a
schizophrenia population.

Given that dysfunction of systems involved in atten-
tion and working memory is a core feature of schizo-
phrenia,'#181%50 we hypothesized that individual risk for
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schizophrenia may be associated with distinct functional
network properties related to performance in these domains
and thereby reflect the integrity of implicated brain systems.
To answer this question, 235 individuals with differing lev-
els of schizophrenia risk status were administered a battery
of attention and working memory tasks and BOLD-fMRI
at rest the same day. Low-frequency brain networks were
identified based on coupling with the dACC, MPFC,
DLPFC, and BA17 as a reflection of the cognitive systems
relevant to decreased cognitive performance in schizo-
phrenia. Connectivity matrices were generated for each
network, and multivariate statistics were used to test the
relationship of within-network connectivity to schizo-
phrenia risk status and cognitive performance by apply-
ing multivariate analysis of covariance (MANCOVA) and
canonical variate analyses, respectively.

Methods

Study Sample

Study participants were recruited from the Maryland
site sample of the Bipolar Schizophrenia Network on
Intermediate Phenotypes (BSNIP).? In brief, we included
102 patients with a Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-1V) diagnosis
of schizophrenia (“patients with schizophrenia”) and 133
unaffected adults recruited from clinics and other research
studies conducted at the Maryland Psychiatric Research
Center and the Johns Hopkins University Hospital in
Baltimore, Maryland. The unaffected sample included 70
adults who had a first-degree relative with schizophrenia
(“schizophrenia-relatives”) and 63 HCs with no known
family history of schizophrenia or any other psychotic
disorder. This resulted in 3 groups with a stepwise increase
in risk for schizophrenia: HCs, schizophrenia-relatives,
and patients with schizophrenia. The structured clinical
interview for DSM-IV axis I disorders*$” was conducted
by trained clinical raters to establish diagnoses. This study
was approved by the Johns Hopkins School of Medicine
and University of Maryland Institutional Review
Boards. Written informed consent was obtained from
every participant in accordance with the Declaration of
Helsinki.®® None of the participants had a history of severe
neurologic illness or known substance abuse fulfilling
criteria for DSM-IV. Level of education was assessed
as highest grade in school completed (maximum =
20). As age, education, and sex differed across groups,
all 3 were used as covariates in analysis of covariance
(ANCOVA) and MANCOVA analyses (table 1). Seven
schizophrenia-relatives and 5 HCs reported specific
serotonin reuptake inhibitor (SSRI) medication use
within the last 4 weeks. Patients with schizophrenia were
clinically stable with constant medication doses for at
least 4 weeks. Medications of patients with schizophrenia
within the last 4 weeks included: mood stabilizers (20),
typical antipsychotics (19), atypical antipsychotics



Table 1. Demographics of the Included Study Population

Prefrontal Brain Network Connectivity

Healthy Controls Schizophrenia-Relatives Patients With Schizophrenia

(n=163) (n=170) (n=102) F, P
Age (y) 44 (11.3) 453 (13.7) 37 (12.7) 11 <.01
Sex (% females) 57% 71% 33% 15.1 <.01
Race (Caucasian/African/other) 57/39/4 45/50/5 44/53/3 1.8 17
Education (y) 14.6 (2.4) 14.1 (2.8) 12.8(2.2) 12.1 <.01

(89), benzodiazepines (14), tricyclic antidepressants (1),
SSRIs (42), and psychostimulants (2); antipsychotic
medication was converted to chlorpromazine (CPZ)
equivalent doses.®” Mean (SD) antipsychotic medication
in the schizophrenia sample was equivalent to a daily
CPZ dose of 21.9 (15.7) mg. Among patients, psychotic
psychopathology was assessed using the Positive and
Negative Syndrome Scale (PANSS).” Mean (SD) positive,
negative, and general psychopathology scores were 15.0
(6.2), 15.4 (5.6), and 26.2 (6.6), respectively. The mean
disease duration for patients with schizophrenia was 15.3
(11.7) years.

Neuropsychological Assessment

All participants completed a battery of 3 tests for assess-
ment of attention and working memory performance.
One test was the BTA.?* In this computer-assisted
test of auditory attention, lists of letters and numbers
(eg, F-3-7-R-4-7-2-Q) are presented, and the exam-
inee must ignore the numbers and count how many let-
ters were presented (or vice versa). The total number
of correctly monitored lists was recorded. The other 2
tests included the revised HVLT-R*?! and the revised
BVMT-R.>>™ These 2 tests assess learning and memory
for words and designs, respectively. The total numbers of
words (HVLT-R) and designs (BVMT-R) recalled after
the first presentation trial of each test were taken as mea-
sures of working memory performance. The scores for
all 3 measures were converted to z scores based on the
entire sample (n = 235), and each person’s mean z score
was computed as a composite measure of attention and
working memory. Internal consistency of the test bat-
tery used for generation of the composite attention and
working memory performance score was tested using
average measures intraclass correlation for estimation
of Cronbach’s coefficient o..”>”* One-way ANCOVA was
used to assess main effects of schizophrenia risk status on
test performance, with age, sex, and years of education as
covariates (SPSS for MAC OS, version 19.0; Statistical
Package for the Social Sciences, IBM, 1968).

Acquisition and Preparation of fMRI Data

The fMRI data were acquired using a Siemens Magnetom
Trio 3 Tesla machine at the Johns Hopkins Hospital.

A standard gradient-echo echo-planar imaging pulse
sequence (repetition time [TR]: 2210ms; echo time [TE]:
30ms; flip angle: 70°; voxel size: 3.4 X 3.4 X 3.0mm; slice
thickness: 3mm effective slice thickness; 30 slices; 140
time points; scan time: 5 minutes, 10 seconds) was used.
Participants were asked to remain awake with their head
still and eyes open during the fMRI sequence. To limit
potential head movement and subsequent motion arti-
fact, a head coil cushion and additional lateral cushion-
ing were used.

The fMRI data were preprocessed using Matlab 7.12
(64 bit; MathWorks, Inc), Statistical Parametric Mapping
(SPMS) software™ (http://www.fil.ion.ucl.ac.uk/spm/soft-
ware/spm8/), Matlab signal processing toolbox (V 6.15),
and functional connectivity toolbox (V 13g, http://www.
nitrc.org/projects/conn/).* Individual fMRI data were
preprocessed by an initial correction for timing differ-
ences between slices, realignment, spatial normalization
to Montreal Neurological Institute (MNI) standardized
space (http://www.mni.mcgill.ca/), high-pass frequency
filter (128 second), correction for temporal autocorrela-
tion and spatial smoothing with a 6 mm? full-width half-
maximum Gaussian kernel. The art tool (www.nitrc.org/
projects/artifacts/artifact_detect/) was used to explore
fMRI data for artifacts and to generate a matrix of out-
lier time points, which were used as first-level covari-
ates for estimation of functional networks.*® To increase
specificity for gray matter signals and to reduce impact of
physiological noise such as white matter and cerebrospi-
nal fluid signals, a bandpass filter (0.01-0.1 Hz) and the
anatomical component-based noise correction method
(CompCor)* were applied using the Conn toolbox.*

Statistical Analysis and Assessment of Functional
Network Integrity

Spherical seeds of 6 mm in diameter were located in
regions representing central nodes of the functional brain
networks of interest. These brain regions included (1) left
DLPFC (Brodmann area [BA] 46, MNI —46/36/16), (2)
MPFC (BA 32, MNI —4/54/-8), (3) dACC (BA 24/32,
MNI —9/28/20), and (4) striate visual cortex (BA 17,
MNI —13/-89/2). Locations of seeds are based on stan-
dard coordinates included in the Conn toolbox that are
consistent with earlier reports on seed-based functional
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connectivity’**37¥4675 and were thus independent from
our data. The Region of Interest Extraction Tool (http://
web.mit.edu/swg/rex/rex.m) was used to generate sets of
peak-based coherent clusters for each local maximum
area of BOLD synchrony within each of the 4 networks,
applying default clustering parameters: Regions of inter-
est representing the networks to be analyzed were defined
at a height threshold of P < .01 (voxel level) and extent
threshold of familywise error corrected P < .005 (clus-
ter level). Clusters were defined for the whole group of
235 participants by extracting 1 data set separately for
each local-maximum area within each region of inter-
est file, representing mean connectivity values (minimum
distance between peaks of 20 mm, maximum peaks per
cluster = 32).

Matlab Statistics Toolbox (version 7.5) and Symbolic
Math Toolbox (version 5.7) were used to generate
correlation matrices of BOLD synchrony between all
clusters in each of the 4 networks for each of the 235
study participants as a multivariate representation of
within-network functional connectivity. Correlation
matrices were converted to normally distributed z
scores to facilitate parametric statistical analysis. For
each cluster, eigenvalues reflecting within-network
interaction were estimated. In a next step, for each
network, canonical variates representing linear estimates
of multivariate cluster coupling with largest separation
of groups were generated.”®”” MANCOVA?*"" was
used to test main effects of schizophrenia risk status
(HCs, schizophrenia-relatives, and patients with
schizophrenia) including age, sex, and education as
covariates. Adjustment of significance levels for multiple
comparisons (correction for testing 4 network specific

hypotheses, a.l = 0.0125 for P < 5%) was performed by
applying the Bonferroni-Holm method.” In addition,
partial correlation analysis was performed to test for
relationships between canonical variates and cognitive
performance after controlling for potential effects of
age, sex, and education.

Results

Cognitive Performance of Patients With Schizophrenia
and Unaffected Relatives Is Significantly Worse Than
That of HCs

A one-way ANCOVA with age, sex, and education as
covariates revealed significant differences in cognitive
performance between controls, schizophrenia-relatives,
and patients with schizophrenia for all 3 neuropsycho-
logical tests and the attention and working memory
composite (BTA: F, ,, = 25.219); HVLT: F, ,,, = 10.428;
BVMT: F,,,, = 9.005; attention and working memory
composite: F,,,, = 25.326). No significant effect on cog-
nitive performance was found for any of the covariates
(table 2). Internal consistency for the set of attention and
working memory tests applied is indicated by significant
intraclass correlation (Cronbach’s coefficient a = 0.71,
F,, 45 = 3:45). Moreover, no significant relationship could
be observed between psychopathology (PANSS total
score) and cognitive performance (r = —.072, P = .45) or
psychopathology and CPZ equivalents (r = .14, P = .89).
Also, when testing relationships with positive symptoms
(PANSS-positive symptom score), no significant cor-
relation could be observed with cognitive performance
(r=-.10, P = .92) or CPZ equivalents (r = .004, P = .96).

Table 2. Cognitive Performance by Study Group and Effects of Schizophrenia Risk (SZ Risk), Age, Sex, and Education on the

Respective Test Performance Scores

Hopkins Verbal Brief Visuospatial
Learning Test, Memory Test, Brief Test of Composite Score,
First Trial First Trial Attention Test Performance
Means (SD) Healthy controls (n = 63) 1.4 (0.9) 1.4 (0.9) 1.6 (0.7) 1.5(0.6)
Schizophrenia relatives (n = 70) 1.2(1) 1.1(1) 1.2 (0.8) 1.2 (0.7)
Patients with schizophrenia 0.6 (0.9) 0.7 (1) 0.5(1.1) 0.6 (0.8)
(n=102)
SZ risk F 10.428 9.005 25.219 25.326
Significance (P) .00005 .0002 .00001 .00001
Partial n? 0.084 0.073 0.181 0.182
Age F o 1.688 5.34 0.665 4.039
Significance (P) .99 352 .99 736
Partial n? 0.007 0.023 0.003 0.017
Sex F 0.041 1.097 0.511 0.079
Significance (P) .99 .99 .99 .99
Partial n? 0 0.005 0.002 0.003
Education F o 5.31 6.604 1.468 7.59
Significance (P) 352 176 .99 .096
Partial n? 0.023 0.028 0.006 0.032
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Fig. 1. (A) Definition of 4 functional networks using maps of blood oxygen level-dependent synchrony with seeds in the left hemisphere
(dorsolateral prefrontal cortex [DLPFC], dorsal anterior cingulate cortex [dACC], medial prefrontal cortex [MPFC], and primary visual
cortex [BA17]). (B) Functional coupling of clusters within each network and schizophrenia (SZ) risk group, displayed are z scores representing

mean within-network connectivity.

Identification of Low-Frequency Brain Networks
at Rest and Clustering of Functional Subunits
of Regional BOLD Synchrony

Seeds located in the MPFC, DLPFC, dACC, and BA17
were used to generate functional connectivity maps con-
sistent with earlier reported low-frequency brain net-
works, present at rest (DMN, FPN, CON, and primary
visual [VIN]) involving selected brain regions*4-35

(figure 1A; table 3). Mean (SD) sizes of networks (voxel)
for the 3 groups were («¢) FPN: Controls 60 619 (5272),
relatives 61 066 (5988), patients 60 182 (5946); (b) DMN:
Controls 55 622 (6203), relatives 57 257 (6532), patients
55862 (6411), (¢) CON: Controls 77 215 (9446), relatives
76 944 (9276), patients 78 881 (9996); (d) VIN: Controls
42 666 (2924), relatives 42 077 (2908), patients 42 479
(2800). Using ANCOVA with age, sex, and education as
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Table 3. Brain Regions Included Within the Respective Networks and Size in Voxels

Brodmann Cluster Size Cluster Size
Network Brain Region Area (Voxel) (%)
FPN Total — 60 562 100
Inferior parietal lobule 40 9301 15.36
Premotor cortex 6 8432 13.92
Anterior prefrontal cortex 10 6922 11.43
Area frontalis granularis 9 4590 7.58
Area parietalis superior 7 4007 6.62
Insular cortex 13 3796 6.27
Occipitotemporal area 37 3525 5.82
Cerebellum — 3215 5.31
Orbital area 47 3036 5.01
Superior frontal cortex 8 2568 4.24
DMN Total 56213 100
Superior frontal cortex 8 8931 15.89
Posterior cingulate cortex 31 5642 10.04
Lateral temporal cortex 21 4605 8.19
Anterior prefrontal cortex 10 4420 7.86
Medial orbital gyrus 11 4154 7.39
Parietal cortex 39 4058 7.22
Subgenual cingulate 25 3169 5.64
Entorhinal area 28 3116 5.54
Perirhinal cortex 35 2893 5.15
Area frontalis granularis 9 2745 4.88
CON Total 77 858 100
Area parietalis superior 7 15629 20.07
Premotor cortex 6 14 477 18.59
Superior frontal cortex 8 10 324 13.26
Anterior prefrontal cortex 10 8874 11.4
Dorsal anterior cingulate 32 5029 6.46
Insular cortex 13 4468 5.74
Area supramarginalis 40 4076 5.24
Temporopolar area 38 3146 4.04
Superior temporal area 22 2834 3.64
Subgenual cingulate 25 2546 3.27
VIN Total 42 409 100
Visual association area, parastriate area 18 10 239 24.14
Visual association area, peristriate area 19 8958 21.12
Area parietalis superior 7 6078 14.33
Premotor cortex 6 4474 10.55
Occipitotemporal area 37 4257 10.04
Area retrosplenialis agranularis 30 2504 5.9
Anterior prefrontal cortex 10 1937 4.57
Ectorhinal area 36 852 2.01
Primary auditory cortex 41 704 1.66
Parahippocampal gyrus 27 654 1.54
Medial orbital gyrus 11 573 1.35

Note: FPN, fronto parietal network; DMN, default-mode network; CON, cingulo-opercular network; VIN, visual processing network.

covariates, no significant group effect could be identified
in either of the networks: (¢) CON: F, ,, = 1.03, P = .36;
(b) FPN: F,,,, = 49, P = .61; (¢c) DMN: F,,,, = 1.36,
P =.26;(d) VIN: Fz,229 =.75, P = 47. Also, no significant
relationship could be observed between network size and
the cognitive performance composite score: (a¢) CON: r =
.01, P=091;(b) FPN: r=—-.07, P = .26; (¢) DMN: r = .02,
P = 81; (d) VIN: r = —.06, P = .31. For each network,
voxels were clustered into functional subunits based on
regional strength of coupling. This resulted in 36 subunits
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for the DMN, 60 for the FPN, 34 for the CON, and 50 for
the VIN, with a mean size of 1373 (SD = 1165) voxels.

Multivariate Analysis Reveals Relationships Between
Functional Connectivity Within the FPN and DMN
With Cognitive Performance and Schizophrenia Risk

For each of the 235 participants, 4 correlation matri-
ces were generated, reflecting functional connectivity
assessed by BOLD synchrony between brain regions
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defined by functional clusters in the CON, FPN, DMN, relatives, and patients with schizophrenia). Significant
and primary visual networks (figure 1B). multivariate main effects resulted for the FPN (Wilks’

A one-way MANCOVA was used to test for differences A = 0.199, F,, ., = 1.33, P = .003, partial n* = 0.332,
between functional coupling within each network and  observed power = 0.99) and DMN (Wilks’ A = 0.415,

individual schizophrenia risk status (control, unaffected Fs = 1.31, P = .016, partial n*> = 0.197, observed
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Fig. 2. Relationship between within-network coupling and cognitive performance for each of the functional networks assessed. Network
connectivity is indicated based on standardized canonical variates, with strongest separation between groups as estimated by multivariate
analysis of covariance.
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power = 0.99). Linear representation of within-network
connectivity by canonical variates indicates higher degree
of coupling to be associated with higher schizophrenia
risk (mean, SD): FPN: Controls: —1.70 (0.93), relatives:
—0.46 (1.09), patients: 1.37 (0.98); DMN: Controls:
—0.97 (0.97), relatives: 0.13 (0.92), patients: 0.51 (1.07)
(figure 2). No significant main effects were found for the
CON (Wilks’ A = 0.455, F,.,,, = 1.19, P = .09, observed
power = 0.99) and VIN (Wilks’ A = 0.330, F060 = 1.02,
P = .32, observed power = 0.99). No significant main
effects on within-network coupling were found for age,
sex, or education.

To test for relationships between functional coupling
within each network and cognitive performance, canoni-
cal variates were correlated with individual and cognitive
composite scores. Significant relationships between high
overall within-network functional connectivity and low
cognitive performance scores were found for the FPN
(r=—.36, P =.001) and DMN (r = —.24, P = .003), but
not for the CON (r = —.15, P=.12) or VIN (r = .14, P =
.24) networks (figure 2). No significant relationships were
found for either of the networks, when correlations were
tested within each group separately: Controls: CON:
r=-.14, P = 26; FPN: r = —.02, P = 91; DMN: r =
.01, P = 95; VIN: r = —.16, P = .23; Relatives: CON:
r=-.15P=.22; FPN:r=-.07, P=.59; DMN: r = .13,
P = 28; VIN: r = .06, P = .64; Patients: CON: r = .01,
P=09; FPN:r= .05 P=.63; DMN: r=-.14 P = .15;
VIN: r=-.12, P = .22,

Discussion

In this study, we found a significant relationship between
coupling within the FPN and DMN and both cogni-
tive test performance and schizophrenia risk. Although
these findings are consistent with earlier data on altered
network properties and cognitive deficits in schizophre-
nia,**$% our results point toward the particular relevance
of brain systems implicated in attention and working
memory performance as reflected by connectivity within
the FPN and DMN, for schizophrenia risk—associated
pathological brain changes.

To probe integrity of brain networks potentially impli-
cated in attention and working memory performance as
well as elevated risk for schizophrenia, functional con-
nectivity maps of brain areas coupled with regions of
interest were generated and dissected into clusters of
regional BOLD synchrony for a study population con-
sisting of 102 patients with schizophrenia, 70 unaffected
schizophrenia-relatives, and 63 HCs. For each study par-
ticipant, cluster-based correlation matrices of BOLD
activity reflecting connectivity within networks coupled
to the DLPFC, the MPFC, the dACC, and the striate
visual cortex, respectively, were generated and tested for
significant main effects of test performance and schizo-
phrenia risk status.
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A particular strength of the current data set is the
large size of the included study population, resulting in
increased power to identify subtle effects of cognitive per-
formance and schizophrenia risk on basal neural activity.
As all MR scans were performed on the same scanner
using the identical scanning parameters, potential bias
through intersite variability could be avoided. By adher-
ing to the standardized inclusion criteria established by
the BSNIP consortium, comparability of this presented
data with other sites is warranted and prospective cross-
site meta-analyses are possible.

The neuropsychological tests used in this study to gen-
erate a composite score of attention and working memory
performance have been validated earlier in various neuro-
psychiatric disease populations including schizophrenia,
for assessment of attention as well as verbal and visuospa-
tial working memory domains.”*>*” Internal consistency
of the composite test performance score was indicated
by significant intraclass correlation coefficients and
Cronbach’s a, suggesting that the chosen tests were mea-
suring a coherent cognitive process associated with atten-
tion and working memory performance.”>” Individual
cognitive performance levels have been shown to relate
to within-network functional connectivity, reflecting the
temporal interaction of neuronal populations and brain
systems required to process such cognitive tasks.?* We
assessed within-network connectivity by first dissecting
the identified networks using a clustering approach and
then estimating for each participant individual correla-
tion matrices based on the BOLD time courses of clusters
within each network as suggested earlier for multivariate
analysis of activity within-cortical networks.®!

Particular advantages of the multivariate approach
chosen in this study include the possibility of drawing
statistical inferences based on temporal BOLD correla-
tions between network clusters without making assump-
tions about distinct regional effects or the integration
of interactive temporal effects by producing generalized
eigenimages. This makes it possible to transform multi-
variate main effects into linear canonicals that may serve
as dimensional markers of effect size.®5284

Although several studies using independent compo-
nent analysis have demonstrated functional changes in
schizophrenia vs unaffected individuals,®%>%%7 region-
based approaches suggest that hyperconnectivity within
frontal brain networks might prove to be a hallmark
of schizophrenia-associated brain changes that relate
to both psychopathology and cognitive performance,
potentially reflecting damage to distinct cognitive brain
systems.°%¢+66 In this study, we focused on 4 previously
reported low-frequency brain networks with central nodes
located in brain regions that are associated with cogni-
tive processing. These include the FPN, DMN, CON,
and primary visual networks. Each network was defined
by functional coupling at rest to the DLPFC, MPFC,
dACC, and striate visual cortex, respectively®”3%3-5 using



the Conn toolbox.* Single, left-hemispherical seeds of
identical shape were used for definition of all networks,
making possible a uniform analytic strategy for effects
on coupling within the respective connectivity maps and
also facilitate comparability with earlier studies on net-
work integrity in schizophrenia,®>* which used similar
approaches. Furthermore, single-seed approaches have
been shown to be consistent with other techniques for
assessment of network connectivity such as independent
component analysis.*

Consistent with earlier reports, we found significantly
worse cognitive performance by patients with schizo-
phrenia and their unaffected relatives, supporting earlier
evidence of a close relationship between schizophrenia
liability and cognitive deficits as a potential reflection of
prefrontal brain dysfunction.® '3 The fact, however, that
there was no significant correlation observable between
psychopathology as measured with the PANSS and cog-
nitive performance may be explained by effects of indi-
vidual medication on psychopathology and cognition,
respectively.

Moreover, our finding of relationships between cog-
nitive impairment and heightened connectivity within
the FPN and DMN corresponding to increased risk of
schizophrenia is consistent with reports of prefrontal
hyperconnectivity at rest in schizophrenia.’*>%61:6387 Qur
finding that the strongest effects involve the FPN, may
support earlier associations of DLPFC dysfunction with
schizophrenia-associated brain changes and cognitive
deficits.® The fact that these relationships were observ-
able for the entire sample only, but not for the individual
groups, corroborate the relevance of attention and work-
ing memory performance as a cognitive measure closely
related to brain alterations that are associated with the
diagnosis and risk for schizophrenia and in addition may
be consistent with earlier reports on close relationships
between schizophrenia risk and cognitive deficits.® 13"

Recent studies on cognitive performance-related brain
activity suggest a complex pattern of changes character-
izing the spectrum of individuals ranging from unaffected
healthy to clinical populations with schizophrenia,® %
with 1 recent study reporting decreased effective con-
nectivity during working memory tasks in patients.”!
Although altered connectivity has been suggested to be
primary pathophysiology in schizophrenia,’? our findings
of increased resting-state connectivity in the DMN and
FPN might reflect deficits in physiologic system dynam-
ics due to damage to the hierarchical organization of pre-
frontal cortex in schizophrenia.”*** Moreover, our findings
of increased connectivity in the DMN are consistent with
recent publications including 1 BSNIP study, on reduced
anticorrelations characterized by default-mode hyperac-
tivity,*>% and thus may support earlier considerations on
prefrontal hyperconnectivity as a compensatory mecha-
nism for schizophrenia-related dysregulation of inhibitory
brain circuits.”” In addition, our findings may be consistent

Prefrontal Brain Network Connectivity

with recent findings in other neuropsychiatric disorders,
suggesting that increased functional network connectiv-
ity might indicate cognitive impairment above traditional
diagnostic boundaries.”® The Bonferroni-Holm method
was used to reduce multiplicity bias caused by testing
hypotheses on effects of 4 functional networks; however,
as the follow-up correlation analyses were not subject to
correction for multiple testing, they may need to be inter-
preted with caution.”

The fact that we do not find associations with networks
originating from the dACC (CON) and striate visual cor-
tex (primary visual network) is also consistent with notes
on the particular relevance of prefrontal dysfunction in
schizophrenia pathology.>*7 %

No significant relationships of network size with
schizophrenia risk status and cognitive performance,
respectively, were observable in our data set. This might
indicate higher power of analytical approaches focusing
on changes of functional interaction patterns vs voxel-
wise comparisons of network sizes for identifying func-
tional correlates of psychopathology.

Limitations of this study include the fact that groups
differed in age, sex, and education status. By including
these variables as covariates, we were able to exclude sig-
nificant contributions to the identified main effects on
functional connectivity in FPN and DMN.

Although this study is focused on relative effects of
BOLD coupling within each network, additional assess-
ment of between network connectivity may provide
further information regarding network interaction, as
it has been suggested to be relevant for schizophrenia
recently.>%% However, a comprehensive assessment of
between network connectivity would require additional
methods of BOLD fMRI data analysis such as indepen-
dent component analysis and would exceed the format of
a single publication.

Another limitation of this study is the fact that in the
group of patients with schizophrenia, representing the
subgroup with the highest degree of liability for schizo-
phrenia-associated pathological brain change, most indi-
viduals received antipsychotic medications. This could
have biased the analysis, as a relationship between anti-
psychotic medications and BOLD contrast has been sug-
gested and may also affect cognitive performance levels
itself.! However, as it may be difficult to find a represen-
tative unmedicated population of patients with schizo-
phrenia, we also included unaffected first-degree relatives
of patients with schizophrenia, as a population with
increased risk but without antipsychotic medication. This
may have increased power to detect linear main effects
consistent with our hypothesis of a relationship between
network connectivity and cognitive performance.

Taken together, our data support earlier reports on
impaired prefrontal network coupling in schizophrenia
and also individuals at risk for schizophrenia. In addition,
our study expands this earlier knowledge on schizophrenia
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risk—associated brain change by demonstrating hyperac-
tivity within the FPN and DMN, reflecting alterations
in cognitive systems necessary for processing of atten-
tion and working memory tasks. Additional longitudinal
studies will be needed to characterize the time course of
damage to the identified brain systems, and their poten-
tial use as biomarkers for prospective cognitive enhance-
ment therapies for persons with schizophrenia.

Funding

National Institutes of Health (R0O1 MH077852 to G.K.T.
and D.J.S.; NIBIB P41-EB015909 to P.C.M.vZ.; and
T32MHO015330 to P.G.U.). P.C.M.VZ. receives grant sup-
port from Philips, is a paid lecturer for Philips Medical
Systems, and is the inventor of technology that is licensed
to Philips.

Acknowledgments

We thank all patients, relatives, and controls for their
study participation. This arrangement has been approved
by Johns Hopkins University in accordance with its con-
flict of interest policies. The authors have declared that
there are no conflicts of interest in relation to the subject
of this study.

References

1. Insel TR. Rethinking schizophrenia. Nature. 2010;468:
187-193.

2. Ripke S, Sanders AR, Kendler KS, et al. Genome-wide asso-
ciation study identifies five new schizophrenia loci. Nat Genet.
2011;43:969-976.

3. American Psychiatric Association. Diagnostic and Statistical
Manual of Mental Disorders DSM-1V. 4th ed. Washington,
DC: American Psychiatric Association; 1994,

4. Coyle JT. Glutamate and schizophrenia: beyond the dopa-
mine hypothesis. Cell Mol Neurobiol. 2006;26:365-384.

5. Minzenberg MJ, Carter CS. Developing treatments for
impaired cognition in schizophrenia. Trends Cogn Sci.
2012;16:35-42.

6. Elvevag B, Goldberg TE. Cognitive impairment in schizo-
phrenia is the core of the disorder. Crit Rev Neurobiol.
2000;14:1-21.

7. Fusar-Poli P, Deste G, Smieskova R, et al. Cognitive func-
tioning in prodromal psychosis: a meta-analysis. Arch Gen
Psychiatry. 2012;69:562-571.

8. Kraepelin E. Dementia Praecox and Paraphrenia. Chicago,
IL: Chicago Medical Book Co; 1919.

9. Censits DM, Ragland JD, Gur RC, Gur RE. Neuropsychological
evidence supporting a neurodevelopmental model of schizo-
phrenia: a longitudinal study. Schizophr Res. 1997;24:289-298.

10. David AS, Malmberg A, Brandt L, Allebeck P, Lewis G. 1Q
and risk for schizophrenia: a population-based cohort study.
Psychol Med. 1997;27:1311-1323.

11. Davidson M, Reichenberg A, Rabinowitz J, Weiser M,
Kaplan Z, Mark M. Behavioral and intellectual markers for

662

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

schizophrenia in apparently healthy male adolescents. Am J
Psychiatry. 1999;156:1328-1335.

Gold S, Arndt S, Nopoulos P, O’Leary DS, Andreasen
NC. Longitudinal study of cognitive function in first-
episode and recent-onset schizophrenia. Am J Psychiatry.
1999;156:1342-1348.

Snitz BE, Macdonald AW 111, Carter CS. Cognitive deficits in
unaffected first-degree relatives of schizophrenia patients: a
meta-analytic review of putative endophenotypes. Schizophr
Bull. 2006;32:179-194.

Goldman-Rakic PS. Working memory dysfunction in schiz-
ophrenia. J Neuropsychiatry Clin Neurosci. 1994;6:348-357.
HeatonR,PaulsenJS,McAdamsLA,etal. Neuropsychological
deficits in schizophrenics. Relationship to age, chronicity, and
dementia. Arch Gen Psychiatry. 1994;51:469-476.

Heinrichs RW, Zakzanis KK. Neurocognitive deficit in
schizophrenia: a quantitative review of the evidence.
Neuropsychology. 1998;12:426-445.

Barch DM. What can research on schizophrenia tell us about
the cognitive neuroscience of working memory? Neuroscience.
2006;139:73-84.

Forbes NF, Carrick LA, McIntosh AM, Lawrie SM. Working
memory in schizophrenia: a meta-analysis. Psychol Med.
2009;39:889-905.

Lee J, Park S. Working memory impairments in schizophre-
nia: a meta-analysis. J Abnorm Psychol. 2005;114:599-611.
Brandt J. The Hopkins Verbal Learning Test: develop-
ment of a new memory test with six equivalent forms. Clin
Neuropsychol. 1991;5:125-142.

Brandt J, Benedict RH. Hopkins Verbal Learning Test- Revised.
Lutz, FL: Psychological Assessment Resources; 2001.
Benedict RHB, Schretlen DJ, Groninger L, Dobraski M,
Sphritz B. Revision of the Brief Visuospatial Memory Test:
studies of normal performance, reliability and validity.
Psychol Assess. 1996;8:145-153.

Schretlen D. The Brief Test of Attention.
Psychological Assessment Resources; 1989.
Schretlen D, Bobholz JH, Brandt J. Development and psy-
chometric properties of the Brief Test of Attention. Clin
Neuropsychol. 1996;10:82-90.

van Zijl PC, Eleff SM, Ulatowski JA, et al. Quantitative
assessment of blood flow, blood volume and blood oxygena-
tion effects in functional magnetic resonance imaging. Nat
Med. 1998;4:159-167.

Ogawa S, Lee TM, Kay AR, Tank DW. Brain magnetic reso-
nance imaging with contrast dependent on blood oxygena-
tion. Proc Natl Acad Sci U S A. 1990;87:9868-9872.

Friston KJ, Frith CD, Liddle PF, Frackowiak RS. Functional
connectivity: the principal-component analysis of large
(PET) data sets. J Cereb Blood Flow Metab. 1993;13:5-14.
Friston KJ. The disconnection hypothesis. Schizophr Res.
1998;30:115-125.

Van Dijk KR, Hedden T, Venkataraman A, Evans KC, Lazar
SW, Buckner RL. Intrinsic functional connectivity as a tool
for human connectomics: theory, properties, and optimiza-
tion. J Neurophysiol. 2010;103:297-321.

Beckmann CF, DeLuca M, Devlin JT, Smith SM.
Investigations into resting-state connectivity using independ-
ent component analysis. Philos Trans R Soc Lond B Biol Sci.
2005;360:1001-1013.

Calhoun VD, Adali T, Pearlson GD, Pekar JJ. A method
for making group inferences from functional MRI data

Lutz, FL:



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

using independent component analysis. Hum Brain Mapp.
2001;14:140-151.

Greicius MD, Flores BH, Menon V, et al. Resting-state func-
tional connectivity in major depression: abnormally increased
contributions from subgenual cingulate cortex and thalamus.
Biol Psychiatry. 2007;62:429-437.

Stevens MC, Pearlson GD, Calhoun VD. Changes in the
interaction of resting-state neural networks from adolescence
to adulthood. Hum Brain Mapp. 2009;30:2356-2366.

Biswal B, Yetkin FZ, Haughton VM, Hyde JS. Functional
connectivity in the motor cortex of resting human brain using
echo-planar MRI. Magn Reson Med. 1995;34:537-541.

Castellanos FX, Margulies DS, Kelly C, et al. Cingulate-
precuneus interactions: a new locus of dysfunction in adult
attention-deficit/hyperactivity ~disorder. Biol Psychiatry.
2008;63:332-337.

Chai XJ, Castaiion AN, Ongiir D, Whitfield-Gabrieli S.
Anticorrelations in resting state networks without global sig-
nal regression. Neuroimage. 2012;59:1420-1428.

Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen
DC, Raichle ME. The human brain is intrinsically organized
into dynamic, anticorrelated functional networks. Proc Natl
Acad Sci U S A. 2005;102:9673-9678.

Greicius MD, Krasnow B, Reiss AL, Menon V. Functional
connectivity in the resting brain: a network analysis of the
default mode hypothesis. Proc Natl Acad Sci U S A.2003;100:
253-258.

Whitfield-Gabrieli S, Thermenos HW, Milanovic S, et al.
Hyperactivity and hyperconnectivity of the default network
in schizophrenia and in first-degree relatives of persons
with schizophrenia. Proc Natl Acad Sci U S A. 2009;106:
1279-1284.

Cohen AL, Fair DA, Dosenbach NU, et al. Defining func-
tional areas in individual human brains using resting func-
tional connectivity MRI. Neuroimage. 2008;41:45-57.

Di Martino A, Scheres A, Margulies DS, et al. Functional
connectivity of human striatum: a resting state FMRI study.
Cereb Cortex. 2008;18:2735-2747.

Margulies DS, Kelly AM, Uddin LQ, Biswal BB, Castellanos
FX, Milham MP. Mapping the functional connectivity of
anterior cingulate cortex. Neuroimage. 2007;37:579-588.

Roy AK, Shehzad Z, Margulies DS, et al. Functional con-
nectivity of the human amygdala using resting state fMRI.
Neuroimage. 2009;45:614-626.

Uddin LQ, Supekar K, Amin H, et al. Dissociable connec-
tivity within human angular gyrus and intraparietal sulcus:
evidence from functional and structural connectivity. Cereb
Cortex. 2010;20:2636-2646.

Behzadi Y, Restom K, Liau J, Liu TT. A component based
noise correction method (CompCor) for BOLD and perfu-
sion based fMRI. Neuroimage. 2007;37:90-101.
Whitfield-Gabrieli S, Nieto-Castanon A. Conn: a functional
connectivity toolbox for correlated and anticorrelated brain
networks. Brain Connect. 2012;2:125-141.

Fair DA, Dosenbach NU, Church JA, et al. Development of
distinct control networks through segregation and integra-
tion. Proc Natl Acad Sci U S A.2007;104:13507-13512.
Damoiseaux JS, Rombouts SA, Barkhof F, et al. Consistent
resting-state networks across healthy subjects. Proc Natl Acad
Sci US A.2006;103:13848-13853.

Fox MD, Raichle ME. Spontaneous fluctuations in brain

activity observed with functional magnetic resonance imag-
ing. Nat Rev Neurosci. 2007:8:700-711.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Prefrontal Brain Network Connectivity

. Barch DM, Ceaser A. Cognition in schizophrenia: core

psychological and neural mechanisms. Trends Cogn Sci.
2012;16:27-34.

Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s
default network: anatomy, function, and relevance to disease.
Ann N Y Acad Sci. 2008;1124:1-38.

Fair DA, Cohen AL, Power JD, et al. Functional brain net-
works develop from a “local to distributed” organization.
PLoS Comput Biol. 2009;5:¢1000381.

Dosenbach NU, Fair DA, Cohen AL, Schlaggar BL, Petersen
SE. A dual-networks architecture of top-down control.
Trends Cogn Sci. 2008;12:99-105.

Courtney SM, Ungerleider LG, Keil K, Haxby JV. Object
and spatial visual working memory activate separate neural
systems in human cortex. Cereb Cortex. 1996;6:39-49.
Ungerleider LG, Courtney SM, Haxby JV. A neural sys-
tem for human visual working memory. Proc Natl Acad Sci
US A.1998;95:883-890.

Butler PD, Silverstein SM, Dakin SC. Visual percep-
tion and its impairment in schizophrenia. Biol Psychiatry.
2008;64:40-47.

Butler PD, Zemon V, Schechter I, et al. Early-stage visual
processing and cortical amplification deficits in schizophre-
nia. Arch Gen Psychiatry. 2005;62:495-504.

Chai XJ, Whitfield-Gabrieli S, Shinn AK, et al. Abnormal
medial prefrontal cortex resting-state connectivity in bipo-
lar disorder and schizophrenia. Neuropsychopharmacology.
2011;36:2009-2017.

Rasetti R, Sambataro F, Chen Q, Callicott JH, Mattay
VS, Weinberger DR. Altered cortical network dynam-
ics: a potential intermediate phenotype for schizophre-
nia and association with ZNF804A. Arch Gen Psychiatry.
2011;68:1207-1217.

Friston KJ. Schizophrenia and the disconnection hypothesis.
Acta Psychiatr Scand Suppl. 1999;395:68—79.

Garrity AG, Pearlson GD, McKiernan K, Lloyd D, Kiehl KA,
Calhoun VD. Aberrant “default mode” functional connectiv-
ity in schizophrenia. Am J Psychiatry. 2007;164:450-457.

Meda SA, Gill A, Stevens MC, et al. Differences in resting-
state functional magnetic resonance imaging functional
network connectivity between schizophrenia and psychotic
bipolar probands and their unaffected first-degree relatives.
Biol Psychiatry.2012;71:881-889.

Repovs G, Csernansky JG, Barch DM. Brain network con-
nectivity in individuals with schizophrenia and their siblings.
Biol Psychiatry. 2011;69:967-973.

Whitfield-Gabrieli S, Ford JM. Default mode network activ-
ity and connectivity in psychopathology. Annu Rev Clin
Psychol. 2012;8:49-76.

Meyer-Lindenberg A, Poline JB, Kohn PD, et al. Evidence
for abnormal cortical functional connectivity during work-
ing memory in schizophrenia. Am J Psychiatry. 2001;158:
1809-1817.

Repovs G, Barch DM. Working memory related brain net-
work connectivity in individuals with schizophrenia and their
siblings. Front Hum Neurosci. 2012;6:137.

Aylward EH, Li Q, Stine OC, et al. Longitudinal change in
basal ganglia volume in patients with Huntington’s disease.
Neurology. 1997;48:394-399.

World Medical Association. Declaration of Helsinki. Law
Med Health Care. 1991;19:264-265.

Woods SW. Chlorpromazine equivalent doses for the newer
atypical antipsychotics. J Clin Psychiatry. 2003;64:663-667.

663



P. G. Unschuld et al

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

664

Kay SR, Fiszbein A, Opler LA. The Positive and Negative
Syndrome Scale (PANSS) for schizophrenia. Schizophr Bull.
1987;13:261-276.

Wilk SS. Certain generalizations in the analysis of variance.
Biometrika. 1932;24:498-510.
Cronbach LJ. Test reliability; its meaning and determination.
Psychometrika. 1947;12:1-16.

Cortina JM. What is coefficient alpha? Examination of the-
ory and applications. J Appl Psychol. 1993;78:98-104.
Friston KJ. Commentary and opinion: II. Statistical para-
metric mapping: ontology and current issues. J Cereb Blood
Flow Metab. 1995;15:361-370.

Dosenbach NU, Fair DA, Miezin FM, et al. Distinct brain
networks for adaptive and stable task control in humans. Proc
Natl Acad Sci U S A.2007;104:11073-11078.

Hair JF, Anderson RE, Tatham RL, Black WC. Multivariate
Data Analysis. 5th ed. Upper Saddle River, NJ: Prentice Hall
Inc; 1998.

Hotelling H. Relations between two sets of variates.
Biometrika. 1936;28:321-377.

Holm S. A simple sequentially rejective Bonferroni test proce-
dure. Scand J Stat. 1979;6:65-70.

Schretlen DJ, Pena J, Artouli E, et al. Confirmatory fac-
tor analysis reveals a latent cognitive structure common to
bipolar disorder, schizophrenia, and healthy adults. Bipolar
Disorders. In press.

Joel SE, Caffo BS, van Zijl PC, Pekar JJ. On the relationship
between seed-based and ICA-based measures of functional
connectivity. Magn Reson Med. 2011;66:644-657.

Lowe MJ, Dzemidzic M, Lurito JT, Mathews VP, Phillips
MD. Correlations in low-frequency BOLD fluctuations reflect
cortico-cortical connections. Neuroimage. 2000;12:582-587.

Chatfield C, Collins Al. Introduction to Multivariate Analysis.
London and New York: Chapman & Hall; 1980.

Friston KJ, Poline JB, Holmes AP, Frith CD, Frackowiak RS.
A multivariate analysis of PET activation studies. Hum Brain
Mapp. 1996;4:140-151.

Worsley KJ, Poline JB, Friston KJ, Evans AC. Characterizing
the response of PET and fMRI data using multivariate linear
models. Neuroimage. 1997;6:305-319.

Meda SA, Jagannathan K, Gelernter J, et al. A pilot multi-
variate parallel ICA study to investigate differential linkage
between neural networks and genetic profiles in schizophre-
nia. Neuroimage. 2010;53:1007-1015.

Jafri MJ, Pearlson GD, Stevens M, Calhoun VD. A method for
functional network connectivity among spatially independ-

ent resting-state components in schizophrenia. Neuroimage.
2008;39:1666-1681.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Skudlarski P, Jagannathan K, Anderson K, et al. Brain
connectivity is not only lower but different in schizophre-
nia: a combined anatomical and functional approach. Biol
Psychiatry. 2010;68:61-69.

Callicott JH, Mattay VS, Verchinski BA, Marenco S, Egan
MF, Weinberger DR. Complexity of prefrontal cortical
dysfunction in schizophrenia: more than up or down. Am J
Psychiatry. 2003;160:2209-2215.

Fusar-Poli P, Howes OD, Allen P, et al. Abnormal fronto-
striatal interactions in people with prodromal signs of psy-
chosis: a multimodal imaging study. Arch Gen Psychiatry.
2010;67:683-691.

Potkin SG, Turner JA, Brown GG, et al.; FBIRN. Working
memory and DLPFC inefficiency in schizophrenia: the
FBIRN study. Schizophr Bull. 2009;35:19-31.

Deserno L, Sterzer P, Wiistenberg T, Heinz A, Schlagenhauf
F. Reduced prefrontal-parietal effective connectivity and
working memory deficits in schizophrenia. J Neurosci.
2012;32:12-20.

Stephan KE, Friston KJ, Frith CD. Dysconnection in schizo-
phrenia: from abnormal synaptic plasticity to failures of self-
monitoring. Schizophr Bull. 2009;35:509-527.
Pomarol-Clotet E, Canales-Rodriguez EJ, Salvador R, et al.
Medial prefrontal cortex pathology in schizophrenia as
revealed by convergent findings from multimodal imaging.
Mol Psychiatry. 2010;15:823-830.

Tan HY, Sust S, Buckholtz JW, et al. Dysfunctional prefron-
tal regional specialization and compensation in schizophre-
nia. Am J Psychiatry. 2006;163:1969-1977.

Marin O. Interneuron dysfunction in psychiatric disorders.
Nat Rev Neurosci. 2012;13:107-120.

Hawellek DJ, Hipp JF, Lewis CM, Corbetta M, Engel AK.
Increased functional connectivity indicates the severity of
cognitive impairment in multiple sclerosis. Proc Natl Acad
Sci U S A.2011;108:19066-19071.

Weinberger DR. A connectionist approach to the prefrontal
cortex. J Neuropsychiatry Clin Neurosci. 1993;5:241-253.
Weinberger DR, Aloia MS, Goldberg TE, Berman KF. The
frontal lobes and schizophrenia. J Neuropsychiatry Clin
Neurosci. 1994;6:419-427.

Woods BT, Kinney DK, Yurgelun-Todd D. Neurologic
abnormalities in schizophrenic patients and their families.
I. Comparison of schizophrenic, bipolar, and substance
abuse patients and normal controls. Arch Gen Psychiatry.
1986;43:657-663.

Roder CH, Hoogendam JM, van der Veen FM. FMRI,
antipsychotics and schizophrenia. Influence of different
antipsychotics on BOLD-signal. Curr Pharm Des. 2010;16:
2012-2025.



