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Abstract
Background—Systems level modeling of fMRI data has demonstrated dysfunction of several
large-scale brain networks in schizophrenia. Anomalies across multiple functional networks
associated with schizophrenia could be due to diffuse pathology across multiple networks or
alternatively, dysfunction at a converging control(s) common to these networks. The right anterior
insula has been shown to modulate activity in the central executive and default mode networks in
healthy individuals. We tested the hypothesis that right anterior insula modulation of central
executive and default mode networks is disrupted in schizophrenia and is associated with
cognitive deficits.

Methods—In 44 patients with schizophrenia and 44 healthy controls, we used seed-based resting
state functional connectivity fMRI analysis to examine connectivity between right insular
subregions and central executive/default mode network regions. We also performed two directed
connectivity analyses of resting state data: Granger analysis and confirmatory structural equation
modeling. Between-group differences in path coefficients were used to evaluate anterior insula
modulation of central executive and default mode networks. Cognitive performance was assessed
using the rapid visual information processing task, a test of sustained attention.

Results—Using multiple connectivity techniques, we found compelling, corroborative evidence
of disruption of right anterior insula modulation of central executive and default mode networks in
patients with schizophrenia. The strength of right anterior insula modulation of these networks
predicted cognitive performance.

Conclusions—Individuals with schizophrenia have impaired right anterior insula modulation of
large-scale brain networks. The right anterior insula may be an emergent pathophysiological
gateway in schizophrenia.
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Introduction
Pathophysiological observations in schizophrenia range from numerous genes, regional
anatomical and functional brain abnormalities to global, system-level brain dysfunction (1,
2). Large-scale brain network analysis of fMRI data acquired in the resting state has been
increasingly employed in studies of schizophrenia and other psychiatric disorders (3, 4).
Resting state functional connectivity (rsFC) measures the low frequency coherence in the
blood oxygenation level dependent (BOLD) signal during the task-free resting state, leading
to the identification of a set of ‘core’ networks with highly coherent activity (5, 6).

Three large-scale networks have garnered much of the attention: the central executive
(CEN), salience (SN), and default mode networks (DMN) (4). Task-positive regions
consistently activated across cognitive tasks have been dissected into two distinct networks:
CEN and SN. The CEN, comprised of dorsolateral prefrontal cortex (DLPFC), inferior
parietal lobule/sulcus (IPL) and associated subcortical regions (e.g., dorsal caudate) (7, 8), is
associated with focused attention on the external environment during demanding cognitive
tasks. The SN, composed of the anterior insula (AIns) and dorsal anterior cingulate (dACC)
(7), mediates selection of physiologically relevant external and interoceptive signals. In
contrast, the DMN is a set of regions consistently deactivated during cognitive tasks and is
anticorrelated with the CEN (9). The DMN, composed of posterior cingulate cortex (PCC),
medial prefrontal cortex (MPFC), lateral parietal cortex and parahippocampal gyrus, is
conceptualized as multiple dissociated networks subserving self-referential internally
directed thought (10). The strength of anticorrelation between CEN and DMN is associated
with more consistent performance on demanding tasks (11).

In schizophrenia, isolated abnormalities in all three networks have been linked to cognitive
impairments (12-15). In addition, deficient upregulation of task-positive networks coupled
with reduced suppression of DMN is a replicated finding in schizophrenia, indicating faulty
interaction of these networks (13, 16). Decreased efficiency of task-positive networks and
DMN is associated with impaired working memory capacity in schizophrenia (17). A critical
question is whether these perturbations in network interactions are secondary to diffuse
dysfunction in multiple networks or are due to centralized malfunction at a controlling hub
common to these regions.

In contrast to standard rsFC approaches that measure temporal correlation between activity
across different brain regions, directional connectivity techniques (18, 19) investigate the
directed influence of a node on network dynamics. Converging evidence in healthy
individuals using various directed connectivity techniques suggests that the right AIns, a key
node of the SN, is a major outflow hub that selectively influences activity in both CEN and
DMN and has been proposed to switch between these two networks (8, 20, 21). AIns
modulation of large-scale networks is lateralized and specific to the right AIns, possibly
related to its role in interoceptive awareness of physically and emotionally arousing stimuli
such as pain (22, 23), or to right-hemisphere lateralization of sympathetic nervous system
control (24).

The AIns is critically involved in task initiation, maintenance of attention and performance
monitoring (25, 26), all found to be impaired in schizophrenia (27, 28). Furthermore, AIns
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findings in schizophrenia (29) include reduced volume in first episode and chronic
schizophrenia (30) and abnormal right AIns activation across a variety of executive function
tasks (31). Thus, it is feasible that abnormal CEN/DMN interactions observed in
schizophrenia (13, 16, 17) are mediated through a faulty right AIns hub. We therefore
hypothesize that right AIns modulation of CEN and DMN is impaired in schizophrenia. We
predict that 1) using rsFC, schizophrenia subjects will have decreased rsFC between the
right AIns and major hubs of the CEN and DMN; 2) using two independent directed
connectivity techniques, Granger analysis and confirmatory structural equation modeling
(SEM), subjects with schizophrenia will have significantly abnormal outflow from right
AIns to CEN/DMN regions; and 3) right AIns modulation of CEN and DMN will correlate
with performance on a sustained attention task.

Methods and Materials
Subjects

Fifty patients with schizophrenia recruited from outpatient clinics and 50 normal controls
recruited from the local community signed informed consent approved by local IRBs prior
to any study procedures. Diagnosis of schizophrenia was confirmed by the Structured
Clinical Interview for DSM-IV (32). All patients were clinically stable on antipsychotic
medications (mean ± SD chlorpromazine equivalent dose 411 ± 417 mg) (33). Three
patients were also on mood stabilizers and two were on antidepressants. Controls did not
have any Axis I psychiatric diagnoses or first-degree relatives with psychotic illness.

Data on 44 controls and 44 schizophrenia patients were included in final analyses due to
head motion in 12 subjects (see Supplement for details). The groups did not differ with
respect to age (mean ± SD: controls 37.9 ± 11.0, schizophrenia 35.2 ± 12.1; t=1.1, p=0.28)
and gender (F:M: controls 7:37, schizophrenia 4:40, χ2=0.9, p=0.33).

Clinical and Cognitive Parameters
Severity of symptoms in patients was measured using the Brief Psychiatric Rating Scale
(BPRS) (34) total, positive and negative symptom scores. A subset of subjects (23/44
controls; 40/44 schizophrenia) underwent testing with the rapid visual information
processing (RVIP) task, a continuous performance task of sustained attention, performed in
the scanner during the same session that resting state data were acquired. Single digits were
successively presented for 600 msec. The subject pressed a button whenever three odd or
three even numbers in a row appeared (35). Performance was measured using d-prime, an
overall measure accounting for both target detection and false alarm rates. Two-tailed t-tests
compared d-prime in patients and controls.

MRI Data Acquisition
Subjects were scanned on a 3-T MR Siemens Allegra scanner (quadrature volume head coil)
and were instructed to rest with eyes open and not think of anything in particular for five
minutes. High resolution (1×1×1 mm3) T1-weighted MPRAGE images were acquired.
Functional MR images were acquired over 39 axial, interleaving, 4-mm sections by means
of a gradientecho echoplanar imaging sequence (150 volumes; echo time/repetition time
27/2000 milliseconds; flip angle 80°; field of view 220 × 220 mm2; image matrix 64 × 64).
Resting state data was acquired first to avoid task-related carryover effects.

Statistical Analysis
Cluster Analysis—Because previous studies indicate that the insula is functionally
divided into three subregions [dorsal anterior (dAIns), ventral anterior (vAIns) and posterior
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(PIns) insula (26, 36-38)], we functionally parcellated the insula into three regions. The right
insula was first identified by manual drawing on the T127 MNI template and resampled to
3×3×3 mm3 space. Each insular voxel was used as a seed region for functional connectivity
analyses. Cluster analysis was performed using data-driven k-means clustering analysis on
insular voxel functional connectivity profiles similar to Deen et al (36). See Supplement for
details of clustering analysis/preprocessing.

Functional Connectivity—Using the three insular clusters as seed regions, z-transformed
correlation coefficients [z(r)] were calculated between the average time course in each seed
and the whole brain (voxelwise). Functional connectivity analyses were performed 1) to
look for areas with statistically significant differences in functional connectivity with insula
seeds between control and schizophrenia subjects (two-tailed independent samples t-test)
and 2) to select nodes for Granger analysis, using areas with significant connectivity with
AIns seeds.

To further test the specificity of insula-centric modulation of CEN and DMN in
schizophrenia, we performed two “reversed” whole-brain functional connectivity analyses
using key hubs of the CEN (DLPFC) and DMN (PCC) as seed regions. See Supplement for
details.

Directed Functional Connectivity Modeling – Network Node Selection—Node
selection methods resulted in thirteen regions that represented the three networks of interest
(Figure S1, Table 1): CEN: DLPFC, IPL and caudate (7); SN: 3 insular subregions
identified by cluster analysis and 3 anterior cingulate areas: dACC, pregenual anterior
cingulate (pgACC) and the posterior part of dACC and middle cingulate cortex (midACC)
(7); and DMN: PCC, MPFC, lateral parietal, and parahippocampal regions (5, 39). See
Supplement for node selection methods.

Directed Functional Connectivity: Granger Analysis—We used a vector
autoregression (Granger) approach to examine time lagged effects between brain regions to
determine directionality of influence. Granger analysis was performed for each subject using
the AFNI program 1dGC.R (40) using time series extracted from each of the 13 nodes. Path
coefficients from Granger analysis indicate the strength and direction of the relationship
between two regions within a network, similar to regression coefficients with the addition of
directional information. Each subject’s path coefficients and associated t-statistics were
entered into a multivariate linear mixed-effects analysis for group analysis. See Supplement
for details.

To allow for correlations with individual subject clinical and cognitive parameters, we
calculated the mean path coefficient for each node to areas of the CEN, SN and DMN for
each subject. For example, to calculate right dAIns→CEN, we averaged path coefficients
from right dAIns→IPL, dAIns→DLPFC, and dAIns→caudate for each subject. Within-
network connectivity measures were calculated as mean path coefficients from a node to
other areas within the same network (e.g., dAIns→SN reflects outflow from dAIns to other
functional subdivisions of insula and ACC regions). After finding significant group
differences in these node-to-network mean path coefficients (two-tailed t-tests), we
calculated Pearson’s correlation coefficients between these measures and d-prime (from
RVIP task) and symptom severity scores (BPRS total, positive and negative symptom
subscales) to determine if cognitive performance and/or symptom severity are related to
each node-to-network modulation. Correlations between node-to-network measures and d-
prime were performed across all subjects. Fisher r-to-z transformation was used to calculate
z-values to assess if correlation coefficients significantly differed between groups. In the
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event of a significant difference in correlation coefficients between groups, correlations
were also performed for each group separately, corrected for multiple comparisons.

Effective Connectivity: Structural Equation Modeling (SEM)—In contrast to data-
driven Granger analysis, SEM is a confirmatory effective connectivity technique that
examines instantaneous relationships between network regions. SEM requires input of a
hypothesized model of interactions. A simplified network of 4 ROIs was selected that
included right dAIns and a representative region of the three major networks: CEN
(DLPFC), SN (dACC) and DMN (MPFC). The input model for controls included
dAIns→CEN, dAIns→dACC and dAIns→MPFC. Based on Granger analysis results, we
also included dACC→dAIns and reciprocal connections between DLPFC and MPFC.
Separate models were fit to schizophrenia and control data. To assess model fit model, we
used a combination of χ2 goodness of fit, root-mean-square error of approximation
(RMSEA) and adjusted goodness of fit index (GFI). Stacked models were used for group
comparisons (see Supplement for details).

Results
Cluster Analysis

Cluster analysis segregated the right insula into dAIns, vAIns, and PIns for both groups
(Figure 1, Table S1). See Supplement for details.

Functional Connectivity Analysis
Using insula clusters as seed regions, rsFC analysis revealed distinct patterns of connectivity
for the three subregions consistent with previous reports (26, 36-38). All three insular
regions had strong functional connections with the anterior cingulate, another key node of
the SN, in anatomically parallel anterior-posterior procession: vAIns connected to pgACC,
dAIns connected to dACC and PIns connected to midACC. The dAIns was strongly
connected with areas of the CEN: DLPFC, IPL and dorsal caudate. In contrast, the vAIns
had strong connectivity with limbic areas, such as parahippocampal gyrus. The PIns
exhibited connectivity with frontal and subcortical (thalamus and midbrain) areas. These
distinct patterns of connectivity were consistent between control and schizophrenia subjects
(Figure S2).

Two-tailed t-tests revealed significant group differences in right vAIns rsFC (Table 2, Figure
2A-C). Of note, clusters involved key nodes of the DMN: MPFC, PCC and bilateral lateral
parietal cortex (5). While rsFC between the right vAIns and DMN regions was positively
correlated in controls, there was a lack of significant connectivity in schizophrenia (Figure
2D).

For whole brain rsFC analyses using key hubs of the CEN (DLPFC) and DMN (PCC) as
seeds (5, 13), only one region showed significantly decreased connectivity in schizophrenia
for both CEN and DMN seeds: an overlapping cluster spanning the posterior portion of right
AIns and anterior portion of PIns (right anterior-mid insula) (Figure 3; Table 2). Thus,
consistent with our hypothesis, patients with schizophrenia exhibited decreased connectivity
exclusively between the right insula and key hubs of CEN and DMN.

There were no significant correlations between chlorpromazine equivalent dose and
connectivity between right vAIns and DMN regions or connectivity between CEN/DMN
hubs and the right insula (all p>0.35), suggesting findings were not due to antipsychotic
medication.
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Directed Functional Connectivity Modeling – ROI Selection
In addition to the 3 insular divisions identified from cluster analysis, selecting right
hemisphere regions with strong connectivity to AIns seeds resulted in an additional 7 nodes
(3 anterior cingulate regions, DLPFC, IPL, caudate, parahippocampal cortex; Table S2).
Areas within the DMN that showed significant group differences in the right vAIns seed-
based rsFC analyses resulted in an additional 3 nodes (MPFC, PCC and right lateral parietal
cortex). These 13 nodes (Figure S1) were central to our hypothesis of faulty AIns
modulation of CEN and DMN. Table 1 lists node coordinates.

Directed Functional Connectivity – Granger Analysis
Results in controls showed that the right AIns is a hub with positive outflow to areas of all
three networks (8, 20) (Figure 4A). In contrast, subjects with schizophrenia had diminished
dAIns-to-CEN and dAIns-to-DMN network interactions (Figure 4B). Group comparison
revealed significant decreases in path coefficients in schizophrenia for dAIns→DLPFC,
dAIns→PCC, dAIns→lateral parietal and caudate→DLPFC (false discovery rate
pcorrected<0.05; Figure 4C). The strongest paths for controls and the most significantly
decreased paths in schizophrenia by group comparison were outflow from the right dAIns.
Additional secondary analyses in Supplement support these findings.

For individual subject node-to-network measures, there was a significant decrease in
dAIns→CEN (t=2.1, p=0.04), dAIns→other areas of SN (t=2.2, p=0.03) and dAIns→DMN
(t=4.1, p<0.001) for the schizophrenia group compared with controls (Figure S3A). There
were no significant differences for the other 12 ROIs. The dAIns→DMN was statistically
significant after correcting for multiple comparisons [0.05/(13×3)=0.001]. In patients, there
were no significant correlations between any node-to-network measure and chlorpromazine
equivalent dose (all p>0.1) or BPRS scores (all p>0.05).

RVIP performance and strength of AIns modulation of CEN/DMN
For the RVIP task, patients with schizophrenia had significantly poorer performance than
controls (d-prime: mean ± SD: 4.4±1.5 controls vs. 2.5±2.0 schizophrenia, t=4.1, p<0.001).
After correcting for the maximum number of correlations performed [p=0.05/(3 dAIns node-
to-network measures*3 groups)=0.004], we found significant correlations between
dAIns→DMN and d-prime in the combined sample (r=0.46, p<0.001; Figure S3B) without
significant difference in correlation coefficients in controls vs. schizophrenia analyzed
separately (z=1.0, p=0.33). Since correlations across the whole group could be driven by
group differences, we performed a post-hoc regression analysis between d-prime (dependent
variable) and dAIns→DMN (independent variable) including group status as a factor to
control for diagnosis and still found a significant relationship between d-prime and
dAIns→DMN, albeit less significant [F(2,60)=10.3, p<0.001; dAIns→DMN t=2.4, p=0.02].
There was no significant interaction between diagnosis and dAIns→DMN.

We found a nominally significant positive correlation between dAIns→CEN and d-prime in
the combined sample (r=0.32, p=0.01). The correlation coefficients between the two groups
significantly differed (z=3.1, p=0.002), with a significant correlation between dAIns→CEN
and d-prime for controls (r=0.71, p<0.001; significant after correction) but not in
schizophrenia (r=0.03, p=0.86).

Effective Connectivity – Structural Equation Modeling
Consistent with Granger analysis, SEM analysis revealed positive path coefficients from
dAIns→DLPFC, dAIns→dACC, and dAIns→MPFC in controls (Figure S4A), with χ2

goodness of fit = 2.21, p=0.53; RMSEA<0.05, and GFI=0.92, indicating good fit of model.
The strongest paths were positive influence of dAIns→DLPFC and negative influence of

Moran et al. Page 6

Biol Psychiatry. Author manuscript; available in PMC 2014 September 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DLPFC→MPFC. Group comparison of individual paths indicated significantly decreased
dAIns→DLPFC, dAIns→MPFC, MPFC→DLPFC, and less negative DLPFC→MPFC path
coefficients for schizophrenia subjects (all pcorrected<0.001, Bonferroni corrected for number
of paths in model). Thus, SEM analysis demonstrated diminished positive outflow from
dAIns to CEN and DMN in schizophrenia.

As a supportive analysis, we repeated the analysis for schizophrenia data. Note the absence
of paths from dAIns to both CEN (DLPFC) and DMN (MPFC) for the model that fit
schizophrenia data (Figure S4B). Significant group differences in path coefficients for
remaining paths were consistent with those identified using the control model
(MPFC→DLPFC, DLPFC→MPFC; all pcorrected<0.001). Fit parameters indicated good fit
of model to data: χ2 =2.39, p=0.50; RMSEA<0.05; GFI=0.91.

In summary, SEM analyses using models that fit control or conversely schizophrenia group
data consistently identified significant decreases in path strength of dAIns→CEN and
dAIns→DMN in schizophrenia.

Discussion
The key novel finding of this study is disruption of right AIns functional connectivity with
default mode and central executive networks in schizophrenia using reciprocated node-to-
node analyses. By applying methodologically distinct directed functional connectivity
network analyses, i.e., Granger analysis and structural equation modeling, we demonstrated
that the multiple network dysfunctions observed in schizophrenia may originate from
impaired right AIns modulation.

Our most robust finding is the convergence of results from bivariate functional connectivity
(using either insular clusters or CEN/DMN hubs as seeds), Granger analysis and SEM in
demonstrating dysfunctional AIns modulation of CEN/DMN in schizophrenia. Because of
controversy over the interpretation of Granger analysis (41-44), we employed SEM as a
confirmatory technique. Granger analyses were nonetheless critical since individual subject
analyses were performed prior to group analysis. Individual subject analyses allowed the
study a more extensive network compared to SEM (degrees of freedom for individual
Granger analyses determined by number of time points in fMRI timeseries) and to use
subject path coefficients for correlational analysis. Using Granger analysis, we demonstrated
that right AIns outflow to CEN and DMN correlated with performance on a sustained
attention task.

AIns: a network control center
Consistent with previous work (8, 20, 21), we found that the right AIns is a major hub with
directed influence over CEN and DMN in healthy individuals. The functional centrality of
the AIns may be linked to its known role in affective and cognitive integration (36, 37). The
AIns, a key hub of the SN, mediates interoceptive awareness of physiological activity in
response to salient stimuli leading to mobilization of brain networks in preparation for shifts
of attention or motor responses (45). A parsimonious model of network interactions is that
the AIns alternately directs activity between CEN and DMN in response to environmental or
physiological demands. This “switching” mechanism (8) is consistent with our finding of
positive correlations between the AIns and CEN and DMN in the functional connectivity
analyses in controls, as these networks are anticorrelated (5) and are dynamically activated
(CEN) and deactivated (DMN) during cognitive tasks (46). We also found positive
correlations between cognitive performance and both dAIns→CEN and dAIns→DMN
measures in controls. One interpretation is that the capacity of the AIns to effectively switch
between networks is associated with improved performance. Our corroborative networks
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analysis strategy showed that in controls, CEN hubs negatively influence DMN hubs
(Granger: DLPFC→ MPFC and IPL→PCC; SEM: DLPFC→MPFC). Therefore, although
the AIns does not directly deactivate DMN, CEN hubs downregulated DMN activity in both
directed connectivity analyses (Figures 4A and S4A). Thus, AIns activation of CEN during
cognitive tasks may indirectly lead to DMN downregulation, a dynamic process that may be
impaired in schizophrenia.

Network abnormalities in schizophrenia
Previous literature has described disruption of large-scale networks in schizophrenia.
Although there are some reports of increased connectivity such as hyperconnectivity within
the DMN (13), systematic reviews of the literature point to hypoconnectivity, with
decreased connectivity between the PFC and various cortical/subcortical nodes being the
most common finding (47, 48). Other reports of dysfunction in CEN, SN and DMN in
schizophrenia include a lack of connectivity between MPFC and insula (49), decreased
ability to upregulate task-positive regions (16, 50), and reduced anticorrelation between
CEN and DMN (13). Our finding of decreased right AIns modulation of CEN and DMN in
schizophrenia provide an overarching framework by proposing that some of the diffuse
abnormalities observed in these networks in previous studies (13, 16, 17) may at least in part
originate from a deficient right AIns control mechanism. For example, decreased AIns
modulation between CEN is consistent with decreased recruitment of or hypoconnectivity
between frontal and other CEN nodes (47, 50). Hyperconnectivity within the DMN could be
mediated by faulty AIns activation of CEN-mediated downregulation of DMN.

AIns modulation of CEN and DMN: cognitive deficits
Cognitive deficits are a core feature of schizophrenia (51). CEN and DMN impairments
have been linked to performance deficits in cognitive tasks in patients with schizophrenia
(13, 16). Localized dysfunctions such as hypo- or hyperactivation of the DLPFC and other
CEN nodes are consistently associated with cognitive impairments in schizophrenia (31, 50,
52). Importantly, we found directed path coefficients from right dAIns→CEN and
dAIns→DMN that significantly correlated with RVIP performance, a task requiring
sustained attention and working memory (53). Our data offer a systems-level, alternative
framework suggesting that the ability of the AIns to modulate CEN and DMN contributes to
deficits in sustained attention, one of the most robust and consistently observable cognitive
deficits in schizophrenia (28, 54). Other studies have implicated right AIns pathology in
frontotemporal dementia (55, 56) and autism (57, 58). In addition, loss of integrity of white
matter tracts involving AIns has been associated with abnormal DMN function in traumatic
brain injury (59). Together, these studies suggest that disrupted AIns modulation of CEN
and DMN may contribute to cognitive impairments across a variety of neuropsychiatric
disorders in addition to schizophrenia (4).

Although a strong correlation between dAIns→CEN and d-prime was found in controls,
there was no significant correlation in schizophrenia. One explanation is that, because of
disrupted dAIns→CEN outflow, other compensatory regions were recruited to activate CEN
that better explain the variance in cognitive performance. For example, schizophrenia
subjects had significantly greater positive outflow from caudate→DLPFC in the Granger
analysis, suggesting that subcortical compensatory routes may be recruited.

Limitations
Interpretation of our data must be taken in view of several limitations. All subjects were on
antipsychotic medications. However, there were no significant correlations between
antipsychotic medication dose and dAIns-to-CEN/SN/DMN or any other node-to-network
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path coefficients for the Granger analysis, and no significant correlations between dose and
functional connectivity between AIns and CEN/DMN regions.

Granger analysis of fMRI data is an exploratory method limited by potentially spurious
directionality due to variability in the hemodynamic response function (41, 60). Critics
argue that lagged effects in the BOLD signal are too slow for realistic modeling of neural
communication between regions (41). Therefore, Granger analysis results should be
interpreted with caution. However, since rsFC is a measure of low frequency
synchronizations in the BOLD signal (< 0.1 Hz), lagged effects of slow oscillatory activity
in this frequency range could potentially be modeled. The neural correlates of low frequency
BOLD synchronizations are unclear but some evidence suggests they may reflect underlying
low frequency neuronal oscillatory activity that may modulate higher frequency neuronal
activities. For example, low frequency fluctuations (<0.1 Hz) in high-gamma-band (65-110
Hz) electrical signal coherence between DMN regions has been identified (61),
corresponding to the frequency of rsFC BOLD signals used to estimate our Granger analysis
models. SEM, a method based on instantaneous correlations, provided support for the results
of the Granger analyses by confirming the finding of disrupted right AIns outflow to CEN/
DMN in schizophrenia. Furthermore, right AIns modulation of outflow to CEN/DMN found
in healthy controls is consistent with other studies using either Granger (8) or partial
correlation analysis (20), which has been suggested by critics of Granger analysis to be a
robust method (41).

Our findings are limited to the nodes and models selected for analysis. We cannot exclude
the possibility that including additional nodes may have altered the findings for directional
analyses, or that other models may have also provided a good fit using SEM. We
acknowledge that both the functional and effective connectivity analyses assume temporal
stationarity, prohibiting the study of true dynamic changes in network interaction. Future
studies using task-based studies coupled with methods able to measure dynamic changes in
network activity are required to confirm dysfunctional AIns ‘switching’ between CEN and
DMN in schizophrenia. We finally note that Granger, SEM and other commonly used
techniques to examine the interaction of regions using fMRI data cannot prove causality.

Conclusion
We showed a centrifugal positive influence of the right AIns over CEN and DMN nodes in
controls during resting state (8). This mechanism is significantly weakened in schizophrenia
in association with cognitive deficits. An integrated network analysis as deployed here
provides a powerful means to model diverse brain imaging observations and leads to the
characterization of a likely emergent common pathway in schizophrenia.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Cluster analysis of functional connectivity profiles of right insular voxel seed regions
parcellated the insula into dorsal anterior (orange), ventral anterior (red) and posterior
insula (yellow). Cluster analysis was performed separately for the two groups and
demonstrates consistency of parcellation of AIns into a dorsal-ventral gradient for both (A)
normal control (NC) and (B) schizophrenia (SZ) groups. Final clusters used for subsequent
analyses were derived by finding the intersection of the schizophrenia and control clusters
(i.e., overlapping voxels) for each insular subregion. Three-dimensional rendered views of
overlap of NC and SZ clusters are depicted in (C) as seen from right, center and left views
of brain.
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Figure 2. Decreased connectivity between right ventral anterior insula and areas of default mode
network in schizophrenia
Areas of decreased functional connectivity (pcorrected < 0.05) between right ventral AIns
(vAIns) and posterior cingulate cortex (PCC) (A), medial prefrontal cortex (MPFC) (A), left
middle temporal cortex (B) and bilateral lateral parietal cortex (C) in schizophrenia (SZ)
compared to normal control (NC) subjects. (D) Mean ± standard error of the mean
functional connectivity (z-score) for clusters depicted in A-C.
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Figure 3. Reversed functional connectivity analyses from central executive (CEN) and default
mode network (DMN) seeds showed reduced connectivity exclusively with the right insula in
schizophrenia
Group differences in resting state functional connectivity analyses (pcorrected < 0.05) were
found using (A) a central executive network node at the right dorsolateral prefrontal cortex
(yellow) and (B) a default mode network node at the posterior cingulate cortex (red) (C).
Reduced connectivity between CEN/DMN and overlapping clusters in the right anterior-
middle insula are depicted.
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Figure 4. Effective connectivity: Granger analysis
(A) Normal control (NC) subjects showed significant paths from right dorsal AIns (dAIns)
to areas of central executive network (CEN: green), salience network (SN: yellow), and
default mode networks (DMN: purple). (B) In contrast, subjects with schizophrenia (SZ)
had markedly reduced outflow from dAIns to CEN and DMN. (C) Group comparison
reveals significantly reduced path coefficients from dAIns to areas of CEN (right
dorsolateral prefrontal cortex: DLPFC) and DMN (posterior cingulate cortex: PCC, right
lateral parietal cortex: LatParietal) in schizophrenia (significant after controlling for false
discovery rate, pcorrected<0.05). Arrows show direction of path. Red arrows denote positive
paths (activity in source predicts subsequent increases in target activity) and blue arrows
denote negative paths (source predicts subsequent decreases in target). Thickness of arrows
represents magnitude of path coefficients. Other abbreviations: dACC, dorsal anterior
cingulate cortex; midACC, posterior part of anterior cingulate extending to middle
cingulate; pgACC, pregenual anterior cingulate; vAIns, right ventral AIns; PIns, right
posterior insula; IPL, right inferior parietal lobule/sulcus; MPFC, medial prefrontal cortex.
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Table 1

Node coordinates for effective connectivity analyses

Network ROI

Right
hemisphere

peak
coordinates

x y z

Salience
Network Dorsal AIns (dAIns) - - -

Ventral AIns (vAIns) - - -

Posterior insula (PIns) - - -

Dorsal anterior cingulate
(dACC) 3 30 27

Pregenual anterior cingulate
(pgACC) 3 42 12

Dorsal/middle cingulate
(midACC) 0 3 42

Central
Executive
Network

Dorsolateral prefrontal cortex
(DLPFC) 44 45 9

Inferior parietal lobule/sulcus
(IPL) 60 -

42 33

Caudate 15 15 6

Default Mode
Network

Medial prefrontal cortex
(MPFC) 0 60 6

Posterior cingulate cortex
(PCC) 9 -

51 27

Lateral parietal cortex
(LatParietal) 51 -

55 27

Parahippocampal gyrus
(Parahipp) 30 -

15
-

18
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Table 2

Functional circuits with decreased connectivity in schizophrenia from seed-based functional connectivity
analyses

Seed region Area of decreased
connectivity

Volu
me

(mm3)

t Peak activity:
Talairach

coordinates
(LPI)

x y z

Right
ventral
AIns

Medial prefrontal cortex
(MPFC)

1134 4.
3

0 60 6

Left lateral parietal 1026 4.
8

−60 -
57

24

Right lateral parietal 486 4.
1

51 -
55

27

Right middle temporal
gyrus

918 4.
5

60 -
30

0

Posterior cingulate
cortex (PCC)

432 4.
8

9 -
51

27

Right
dorsolateral
prefrontal
cortex

Right anterior-middle
insula

486 4.
2

40 10 0

Posterior
cingulate
cortex

Right anterior-middle
insula

648 3.
9

42 8 −9
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