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IMPORTANCE Cognitive impairment occurs across the psychosis spectrum and is associated
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with functional outcome. However, it is unknown whether these shared manifestations of
cognitive dysfunction across diagnostic categories also reflect shared neurobiological
mechanisms or whether the source of impairment differs.
OBJECTIVE To examine whether the general cognitive deficit observed across psychotic
disorders is similarly associated with functional integrity of 2 brain networks widely
implicated in supporting many cognitive domains.
DESIGN, SETTING, AND PARTICIPANTS A total of 201 healthy control participants and 375
patients with psychotic disorders from the Bipolar-Schizophrenia Network on Intermediate
Phenotypes (B-SNIP) consortium were studied from September 29, 2007, to May 31, 2011.
The B-SNIP recruited healthy controls and stable outpatients from 6 sites: Baltimore,
Maryland; Boston, Massachusetts; Chicago, Illinois; Dallas, Texas; Detroit, Michigan; and
Hartford, Connecticut. All participants underwent cognitive testing and resting-state
functional magnetic resonance imaging. Data analysis was performed from April 28, 2015, to
February 21, 2017.
MAIN OUTCOMES AND MEASURES The Brief Assessment of Cognition in Schizophrenia was
used to measure cognitive ability. A principal axis factor analysis on the Brief Assessment of
Cognition in Schizophrenia battery yielded a single factor (54% variance explained) that
served as the measure of general cognitive ability. Functional network integrity measures
included global and local efficiency of the whole brain, cingulo-opercular network (CON),
frontoparietal network, and auditory network and exploratory analyses of all networks from
the Power atlas. Group differences in network measures, associations between cognition and
network measures, and mediation models were tested.
RESULTS The final sample for the current study included 201 healthy controls, 143 patients
with schizophrenia, 103 patients with schizoaffective disorder, and 129 patients with
psychotic bipolar disorder (mean [SD] age, 35.1 [12.0] years; 281 male [48.8%] and 295
female [51.2%]; 181 white [31.4%], 348 black [60.4%], and 47 other [8.2%]). Patients with
schizophrenia (Cohen d = 0.36, P < .001) and psychotic bipolar disorder (Cohen d = 0.33,
P = .002) had significantly reduced CON global efficiency compared with healthy controls. All
patients with psychotic disorders had significantly reduced CON local efficiency, but the
clinical groups did not differ from one another. The CON global efficiency was significantly
associated with general cognitive ability across all groups (β = 0.099, P = .009) and
significantly mediated the association between psychotic disorder status and general
cognition (β = −0.037; 95% CI, −0.076 to −0.014). Subcortical network global efficiency was
also significantly reduced in psychotic disorders (F3,587 = 4.01, P = .008) and positively
predicted cognitive ability (β = 0.094, P = .009).
CONCLUSIONS AND RELEVANCE These findings provide evidence that reduced CON and

subcortical network efficiency play a role in the general cognitive deficit observed across the
psychosis spectrum. They provide new support for the dimensional hypothesis that a shared
neurobiological mechanism underlies cognitive impairment in psychotic disorders.
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ecades of research have revealed deficits in cognitive
functioning across the psychosis spectrum.1 Furthermore, mounting evidence suggests common cognitive deficits across psychotic disorders, with patients with
schizophrenia having the greatest impairment relative to
healthy control participants (HCs), patients with psychotic bipolar disorder having the least impairment, and patients with
schizoaffective disorder having an intermediate deficit.2-5 This
dimensionality of cognitive impairment in psychosis is also related to the dimensionality of the diagnostic groups, such that
cognitive function appears to decline as affective features become less dominant in the diagnostic criteria for psychotic
disorders.5 Despite these behavioral patterns, the extent to
which the observed cognitive deficits share common neurobiological correlates across disorders6,7 or are instead similar
phenotypic byproducts of different underlying processes remains unclear.
The current study aims to address this question by examining functional connectivity as a common neurobiological
mechanism that may influence cognitive function across the
psychosis spectrum. An increasing body of literature suggests that functional connectivity abnormalities exist in psychotic disorders,8 including reduced functional connectivity
in and between the frontoparietal network (FPN)9 and the cingulo-opercular network (CON). 7,10-12 The FPN, which includes the dorsolateral prefrontal cortex as a core hub, and the
CON, which includes the anterior insula and dorsal anterior cingulate cortex as core hubs, were first identified by their consistent pattern of increased blood oxygen level–dependent
(BOLD) activity during the performance of 10 distinct cognitive tasks.13 These findings led to their specification as a core
task-set system, with FPN nodes exhibiting increased BOLD
activity during start cue and error feedback and CON demonstrating stably increased activity throughout the entire task epoch. Of importance, these 2 networks, which have been reproduced in multiple large-scale network analyses,14-16 are
implicated in a range of cognitive processes and are considered to be domain-general functional networks that support
many cognitive abilities.17-19 The involvement of these networks in multiple cognitive domains is particularly relevant
given the often generalized nature of cognitive deficits observed in psychotic disorders.20,21 If reduced functional connectivity of CON and FPN are common correlates of general
cognitive impairment, one would expect similar associations
between cognitive ability and functional network characteristics in each diagnostic group, even if mean levels of cognition and connectivity differ.
Although many studies9-11 quantify a network’s functional connectivity by averaging connectivity strength, this approach is agnostic to the structure of the network, ignoring information regarding which nodes are interconnected. Network
science quantifies properties of functional connectivity to provide potentially more sensitive metrics of network function.22
Global efficiency, for instance, measures the potential for information transfer and integration within a network23 and has
been associated with IQ in healthy adults24 and general cognitive function in healthy individuals and patients with
schizophrenia.25 Local efficiency measures the fault toler606

Key Points
Questions Is the efficiency of the cingulo-opercular network and
frontoparietal network reduced across multiple psychotic
disorders, and does lower efficiency predict impairments in
generalized cognitive ability?
Findings In this case-control study, cingulo-opercular network but
not frontoparietal network efficiency was significantly reduced in
patients with schizophrenia, schizoaffective disorder, and
psychotic bipolar disorder compared with healthy control
individuals. Lower cingulo-opercular network global efficiency was
associated with worse general cognitive ability and mediates the
association between psychotic disorder status and cognitive
function.
Meaning Reduced efficiency of information transfer within the
cingulo-opercular network is a shared vulnerability across multiple
psychotic disorders and represents a common mechanism that
contributes to the generalized cognitive deficit.

ance of a network in terms of local information processing and
has also been associated with cognition.25
In a large sample of HCs and patients with psychotic bipolar disorder, schizoaffective disorder, and schizophrenia, we
hypothesized significantly reduced global and local efficiency of CON, FPN, and whole brain across all clinical groups
compared with controls. On the basis of a dimensional hypothesis of the generalized cognitive impairment, we expected reductions in network efficiency to follow the pattern
frequently observed in cognitive ability across the psychosis
spectrum, with patients with psychotic bipolar disorder having network efficiency most similar to controls, patients with
schizophrenia being the most impaired, and patients with schizoaffective disorder having intermediate deficits.5 We also
hypothesized that network efficiency would predict general
cognitive function across all groups with no significant interactions. If supported, these findings would provide evidence
of a common dimensional neurobiological source associated
with cognitive impairment across psychotic disorders.

Methods
Participants
Participants were identified from September 29, 2007, to May
31, 2011, as part of the Bipolar-Schizophrenia Network on Intermediate Phenotypes (B-SNIP), a multisite study26 focused
on identifying intermediate phenotypes across the psychosis
spectrum. With use of quality control procedures for the magnetic resonance imaging (MRI) data, the final sample for the
current study included 201 HCs and 375 patients with psychotic disorders. All participants completed similar behavioral and MRI protocols across 6 sites (Baltimore, Maryland;
Boston, Massachusetts; Chicago, Illinois; Dallas, Texas; Detroit, Michigan; and Hartford, Connecticut), as reported in a
previous article,27 and provided written informed consent before study enrollment. The study protocol was approved by the
institutional review board at each local site (University of Maryland School of Medicine, Baltimore; Harvard Medical School,

JAMA Psychiatry June 2017 Volume 74, Number 6 (Reprinted)

© 2017 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Washington University - St Louis User on 02/20/2020

jamapsychiatry.com

Functional Brain Network Integrity and Cognition

Boston, Massachusetts; University of Texas Southwestern
Medical Center, Dallas; Yale University School of Medicine, New
Haven, Connecticut; University of Illinois at Chicago; and
Wayne State University, Detroit, Michigan). Data were deidentified, and data analysis was performed from April 28, 2015,
to February 21, 2017.
As described in detail previously,26 diagnosis was determined using the Structured Clinical Interview of the DSM-IV,28
which was reviewed by at least 2 experienced research clinicians (C.A.T., G.D.P., M.S.K., J.A.S., and B.A.C.) to establish a
consensus diagnosis. Patients were stable outpatients referred by mental health practitioners or recruited through the
community. The HCs were recruited through community advertisements and research registries and had no history of a
psychotic disorder or recurrent depression and no immediate
family history of these disorders.
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to 10% strongest positive connections for each participant by
using algorithms from the Brain Connectivity Toolbox36 (additional information on thresholding is given in eFigure 1 and
the eAppendix in the Supplement).
After thresholding of each participant’s whole-brain
graph, nodes from the FPN and CON graphs were isolated
from the whole-brain graph. Global and local efficiencies
were calculated for each graph at each threshold. Global efficiency yields a single metric for the entire graph, whereas
local efficiency is calculated on a nodal basis; therefore, local
efficiency was averaged across all nodes in each network to
yield a single metric.
The CON and FPN were selected a priori to be associated
with cognitive ability; however, global and local efficiencies
of the 10 other networks from the Power atlas were also analyzed to assess specificity of our findings (eFigure 2 in the
Supplement).

Cognitive and Clinical Measures
Cognitive ability was measured using the Brief Assessment of
Cognition in Schizophrenia (BACS),29 a well-validated cognitive battery measuring working memory, executive functioning, processing speed, motor speed, verbal fluency, and verbal memory. All BACS scores were age adjusted and z scored
using published norms,30 and z scores greater than 4.0 were
truncated to minimize the effect of outliers.5 On the basis of
research indicating a single cognition factor in BACS data from
the B-SNIP data set,31 general cognition was defined as the factor score from an exploratory principal axis factor analysis that
included all 6 BACS tasks. This single factor explained 54% of
the variance in cognitive ability. Clinical symptoms were measured using the Positive and Negative Syndrome Scale,32 the
Young Mania Rating Scale,33 and the Montgomery-Asberg Depression Rating Scale.34

Imaging Data Acquisition and Processing
All participants underwent 5-minute resting-state functional
MRI and T1-weighted structural imaging on a 3T scanner. Scanning factors differed slightly across sites (eTable 1 in the
Supplement35), and these differences were taken into account during preprocessing.
Data preprocessing was completed using in-house scripts
at Washington University. Preprocessing included section timing correction, removal of the first 4 images from each run to
allow data to reach a steady state, adjustment for odd and even
section acquisition, rigid body motion correction, normalization of data to a whole-brain mode value of 1000, registration
of structural images to Talairach space, and coregistration of
functional volumes to atlas space using 3-mm cubic resampling in a 1-step interpolation. Frequency filtering (0.0090.08 Hz) was applied after nuisance regression of 24 motion
factors, whole brain, white matter, ventricle signals, and their
temporal derivatives. See the eAppendix in the Supplement
for additional details on preprocessing and graph creation.
After functional MRI and functional connectivity preprocessing, BOLD time courses were extracted from 264 regions
of interest by using 6-mm spheres based on coordinates from
the Power atlas.14 Global efficiency and local efficiency were
computed on weighted, undirected graphs thresholded at 5%
jamapsychiatry.com

Statistical Analysis
Analyses were performed using SPSS statistical software, version 23 (SPSS Inc). Group differences in demographic and clinical characteristics were analyzed using a 1-way analysis of variance and χ2 tests. Group differences in network metrics were
calculated in 2 multivariate analyses of variance: global efficiency of our 4 networks and local efficiency of our 4 networks. Race, sex, age, B-SNIP site, and head motion were included as covariates.
Linear regression analysis was used to test associations between graph metrics and cognition. Regressions included cognitive ability as the dependent variable, with network metric,
sex, motion, dummy codes for diagnostic group, site, and race
as predictors. Interaction variables were included in a second
block of regression models to assess interactions between group
and network metrics. Bonferroni correction was determined
for each a priori metric analysis, making our threshold P < .01,
given 4 networks in each metric. Mediation analysis used the
PROCESS macro37 for SPSS, with a 1000 bias-corrected bootstrap sample for significance testing. Mean functional connectivity of CON was calculated by averaging connectivity
strength across all nodes and then averaged across 5% to 10%
thresholds. Associations with head motion, symptom measures, BACS subdomains, covariates (eTable 2 in the Supplement), and sex differences are given in the eAppendix in the
Supplement. Associations were tested using multivariate analysis of variance and Pearson correlation coefficient. Statistical
significance was tested at 2-sided P < .05.

Results
Participant Characteristics
The final sample for the current study included 201 HCs, 143
patients with schizophrenia, 103 patients with schizoaffective disorder, and 129 patients with psychotic bipolar disorder (mean [SD] age, 35.1 [12.0] years; 281 male [48.8%] and 295
female [51.2%]; 181 white [31.4%], 348 black [60.4%], and 47
other [8.2%]). As described in a previous B-SNIP report,35
groups differed significantly on sex, race, age, personal edu(Reprinted) JAMA Psychiatry June 2017 Volume 74, Number 6
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Table. Demographic and Clinical Characteristicsa

Characteristic
Age, y

Healthy
Controls
(n = 201)
36.54 (11.68)

SCZ
(n = 143)
33.39 (11.92)

SCZAFF
(n = 103)

BP
(n = 129)

Omnibus
Statistic

33.59 (11.19)

35.71 (13.07)

F3,572 = 2.58

P Value

Post Hoc Tukey
Significance

.05

NA

χ2 = 46.20

<.001

NA

χ2 = 19.22

.004

NA

Sex, No.
Male
Female

86

103

49

43

115

40

54

86

Race/ethnicity, No.
White

58

61

36

26

124

70

60

94

19

12

7

9

Personal

14.79 (2.31)

13.08 (2.22)

13.13 (2.17)

14.23 (2.42)

F3,569 = 20.89

<.001

NA

Mother

13.55 (3.56)

13.91 (3.08)

13.56 (4.32)

14.32 (3.90)

F3,486 = 1.17

.32

NA

African American
Other
Educational level, y

Father
Socioeconomic statusb

13.23 (3.23)

13.58 (2.75)

13.35 (3.34)

14.09 (2.90)

F3,536 = 2.12

.10

NA

36.20 (14.56)

52.11 (15.61)

48.82 (15.10)

43.03 (16.25)

F3,540 = 32.29

<.001

NA

PANSS score
Positive

NA

16.30 (5.57)

18.21 (5.13)

12.48 (4.12)

F2,362 = 39.84

<.001

SCZ vs SCZAFF: P = .01;
SCZ vs BP: P < .001;
SCZAFF vs BP: P < .001

Negative

NA

16.34 (6.04)

15.91 (4.83)

12.08 (3.68)

F2,362 = 27.76

<.001

SCZ vs SCZAFF: P = .79;
SCZ vs BP: P < .001;
SCZAFF vs BP: P < .001

General

NA

31.06 (8.67)

34.94 (9.10)

28.49 (8.09)

F2,361 = 15.73

<.001

SCZ vs SCZAFF:
P = .002; SCZ vs BP:
P = .04; SCZAFF vs BP:
P < .001

Total

NA

63.79 (17.02)

68.99 (16.34)

53.05 (13.46)

F2,361 = 31.07

<.001

SCZ vs SCZAFF: P = .03;
SCZ vs BP: P < .001;
SCZAFF vs BP: P < .001

MADRS score

NA

8.46 (7.53)

14.33 (9.70)

10.48 (8.79)

F2,367 = 13.89

<.001

SCZ vs SCZAFF:
P < .001; SCZ vs BP:
P = .14; SCZAFF vs BP:
P = .002

YMRS score

NA

5.29 (5.80)

7.80 (6.49)

5.30 (5.98)

F2,365 = 6.33

.002

SCZ vs SCZAFF:
P = .004; SCZ vs BP:
P > .99; SCZAFF vs BP:
P = .01

Abbreviations: BP, bipolar disorder; MADRS, Montgomery-Asberg Depression
Rating Scale; NA, not applicable; PANSS, Positive and Negative Syndrome Scale;
SCZ, schizophrenia; SCZAFF, schizoaffective disorder; YMRS, Young Mania
Rating Scale.

a

Data are presented as mean (SD) unless otherwise indicated.

b

Socioeconomic status was measured using the Hollingshead Index on Social
Position, in which higher scores indicate a lower social position.

cational level, and socioeconomic status but not parental educational level and on symptom scores across clinical groups
(Table). As previously reported with the full B-SNIP sample,38
the patients with schizophrenia were the most cognitively impaired (Cohen d = 1.40), the patients with bipolar disorder the
least (Cohen d = 0.83), and the patients with schizoaffective
disorder were intermediate (Cohen d = 1.28) but statistically
similar to schizophrenia.

with HCs. Patients with bipolar disorder also had significantly reduced CON global efficiency compared with HCs (Cohen d = 0.33, P = .002). However, none of the clinical groups
differed from each other (schizophrenia vs schizoaffective disorder: Cohen d = 0.19, P = .16; schizophrenia vs bipolar disorder: Cohen d = 0.01, P = .79; and schizoaffective disorder vs
bipolar disorder: Cohen d = 0.18; P = .27).
Multivariate analysis of local efficiency also indicated statitically significant differences across all groups (F4,575 = 2.75,
P = .001) (Figure 1). This omnibus difference was driven by a
significant group difference in local efficiency of CON
(F3,577 = 5.72, P = .001) with no difference for whole brain
(F 3,577 = 1.75, P = .16), FPN (F 3,577 = 0.64, P = .59), or AN
(F3,577 = 1.99, P = .12). The CON local efficiency was significantly higher in HCs when compared with all groups (schizophrenia: Cohen d = 0.23, P = .03; schizoaffective disorder: Cohen d = 0.27, P = .009; and bipolar disorder: Cohen d = 0.39,
P < .001) but did not significantly differ between clinical groups
(schizophrenia vs schizoaffective disorder: Cohen d = 0.04,

Group Differences in Network Metrics
Multivariate analysis revealed a significant omnibus difference in global efficiency across all diagnostic groups
(F4,575 = 2.62, P = .002) (Figure 1). Follow-up univariate tests
revealed a significant difference in CON global efficiency
(F 3,577 = 6.76, P < .001) but no difference in whole brain
(F3,577 = 2.08, P = .10), FPN (F3,577 = 0.44, P = .73), or auditory network (AN) (F3,577 = 1.03, P = .38). Post hoc tests revealed significantly reduced CON global efficiency (Cohen
d = 0.36, P < .001) in patients with schizophrenia compared
608
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Figure 1. Group Differences in Global and Local Efficiency of Functional Networks
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We observed an overall significant group difference in global efficiency (A) and
local efficiency (B), controlling for sex, race/ethnicity, age, head motion, and
Bipolar-Schizophrenia Network on Intermediate Phenotypes site.
Cingulo-opercular network (CON) global efficiency and whole-brain global
efficiency but not the frontoparietal network (FPN) or auditory network (AN)
were significantly different across groups. Post hoc least significant difference
tests revealed a significant reduction in CON global efficiency in the

P = .73; schizophrenia vs bipolar disorder: Cohen d = 0.17,
P = .17; and schizoaffective disorder vs bipolar disorder: Cohen d = 0.12, P = .36).
Exploratory analysis of all Power atlas networks revealed
significantly reduced global efficiency of the subcortical network in all psychotic disorder groups when controlling for race
and sex (F3,587 = 4.01, P = .008). The somatosensory motor network, which includes only 5 nodes, also had significantly reduced global (F3,587 = 8.37, P < .001) and local efficiency
(F3,587 = 6.86, P < .001) in psychotic disorders.

Network Efficiency and Cognition
The CON global efficiency positively predicted general cognitive ability (standardized β = 0.099, P = .009). No interactions between group and CON global efficiency were
observed for the schizoaffective or bipolar groups. A significant interaction was observed for the schizophrenia group
(β = 0.195, P = .03), driven by a stronger association between
general cognition and CON global efficiency in schizophrenia compared with HCs (Figure 2). Of interest, CON global
efficiency continued to predict general cognition even when
the mean CON functional connectivity was included as a
predictor (β = 0.179, P = .05). Whole brain, FPN, and AN
global efficiency did not significantly predict general cognition across all groups (whole brain: β = −0.029, P = .47; FPN:
β = −0.004, P > .99; and AN: β = 0.039, P = .31). Follow-up
analyses, including chlorpromazine equivalent values as a
covariate, indicated a similar association between CON
global efficiency and cognition (β = 0.125, P = .06), suggesting that this finding cannot be attributed to current antipsychotic therapy.
jamapsychiatry.com

Whole Brain

FPN

CON

AN

schizophrenia and bipolar disorder groups compared with healthy controls.
A similar pattern was observed for local efficiency. A significant reduction in
CON local efficiency was observed in all clinical groups compared with controls.
a

P < .001.

b

P < .01.

c

P < .05.

No significant associations were observed between network local efficiency and cognitive ability for a priori networks: CON (β = 0.053, P = .16), whole brain (β = 0.009,
P = .79), FPN (β = 0.001, P = .97), or AN (β = 0.032, P = .37) local efficiency.
Exploratory linear regressions predicting cognitive ability were performed for the networks that revealed significant
group differences in efficiency. Subcortical global efficiency
significantly positively predicted cognitive ability (β = 0.094,
P = .009), with no significant group interactions (schizophrenia: β = 0.082, P = .37; schizoaffective disorder: β = 0.13,
P = .24; and bipolar disorder: β = 0.01, P = .93). When both subcortical and CON global efficiency were included in the model,
both predicted cognitive ability, suggesting independent contributions of each network to cognition (CON: β = 0.092,
P = .02; subcortical: β = 0.079, P = .03). Somatosensory motor network global and local efficiency did not predict cognition (global efficiency: β = 0.037, P = .31; local efficiency:
β = 0.037, P = .30).

Mediation Analysis
Given group differences in global efficiency and cognitive ability and the positive association between global efficiency and
cognitive ability, we assessed whether CON and/or subcortical global efficiency significantly mediated the association between clinical status (patient or control) and cognition. We
found that CON (β = −0.037; 95% CI, −0.076 to −0.014)
(Figure 3) and subcortical (β = −0.022; 95% CI, −0.054 to
−0.004) global efficiency significantly mediated group differences in cognition. When included in the same mediation
model, CON (β = −0.029; 95% CI, −0.065 to −0.008) and sub(Reprinted) JAMA Psychiatry June 2017 Volume 74, Number 6
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Figure 2. Association Between Cingulo-Opercular Network (CON) Global Efficiency and General Cognition
3

β = 0.099, P = .009
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Figure 3. Cingulo-Opercular Network (CON) Global Efficiency Mediation
Indirect effect (path AB)
β = −0.04 (95% CI, −0.08 to −0.01)

CON global efficiency
Path A
β = −0.04, τ = −4.13
P < .001

Psychosis

Path B
β = 0.89, τ = 3.01
P = .003
Path C
β = −0.89, τ = −12.57
P < .001
Path C'
β = −0.85, τ = −11.97
P < .001

General cognitive
ability

The CON global efficiency significantly mediated the association between
clinical status (patient/control) and general cognitive ability, providing further
evidence that the reduced CON global efficiency in psychotic disorders may
underlie deficits in general cognition. Path C represents the variance in
psychosis status associated with general cognitive ability, and Path C’
represents the association between psychosis status and general cognition
after taking into account CON global efficiency as a mediator. Path AB is the
mediation effect and is significant at P < .05 based on confidence intervals from
bias-corrected bootstrapping of 1000 samples.

cortical (β = −0.018; 95% CI, −0.053 to −0.002) global efficiency continued to be significant mediators.

Discussion
In the first study, to our knowledge, examining associations
between functional network topology and cognition across the
psychosis spectrum, we observed significant reductions in the
efficiency of CON, a network that has been implicated in cognitive impairment and psychotic symptoms.39,40 Critically, we
found behavioral relevance of reduced CON efficiency by revealing that lower CON global efficiency predicts greater im610

Greater CON global efficiency
predicted better general cognitive
ability across all groups, suggesting
that more globally efficient CON is
related to better cognitive
functioning across psychotic
disorders. We observed a significant
interaction for the schizophrenia and
healthy control groups, reflecting a
stronger association between CON
global efficiency and general
cognition in the schizophrenia group
compared with the healthy control
participants. No other significant
interactions were observed,
suggesting similar associations
between cognition and CON global
efficiency across groups. Diagonal
lines represent the linear association
between CON global efficiency and
the residual of general cognitive
ability after taking into account the
diagnostic group.

pairment in general cognitive functioning—a dimension of impairment observed across psychotic disorders. The role of CON
global efficiency in cognitive deficits in psychosis is further supported by its significant mediation of the association between psychotic disorder status and cognitive ability. Exploratory analyses revealed a similar role of the subcortical network
in the generalized deficit, revealing significantly reduced global
efficiency of the subcortical network in psychotic disorders,
positive association between subcortical efficiency and cognitive ability, and subcortical global efficiency as a significant
and independent mediator of psychosis and cognitive ability.
These data add to an increasing body of literature implicating
CON and subcortical structures in the pathophysiology of cognitive impairment in psychotic disorders and lend support to
the dimensional nature of cognitive impairments across multiple psychiatric diagnoses.
The CON is a functional network that includes the anterior insula and dorsal anterior cingulate cortex (DACC). The CON
is critically involved in cognitive ability and facilitates salience processing of goal-directed and environmental stimuli,
relevant to the experience of psychosis.7,40 A recent transdiagnostic meta-analysis6 revealed reduced gray matter volume of the insula and DACC in a range of psychiatric disorders, and the volume of these nodes predicted executive
functioning ability. Insula function is also abnormal in schizophrenia, revealing reduced effective connectivity with the dorsolateral prefrontal cortex,41 FPN, and default mode network42
and reduced functional connectivity with the DACC during
information processing.12 The current study adds to this literature by revealing significantly reduced global and local
efficiency of CON in psychotic disorders. These findings suggest that information transfer within this network is not
optimally integrated in ways that contribute meaningfully to
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cognitive function. Given mounting evidence of functional
connectivity abnormalities in the context of reduced brain
volume in CON, future work looking at the role of structural
connectivity would help further understanding of the abnormalities present in this network.
Exploratory analyses also revealed a significant role of the
subcortical network in the association between psychotic disorders and the generalized deficit. The subcortical network includes nodes primarily within the thalamus and basal ganglia,14
which are critical for interacting with prefrontal regions to support cognitive ability.43 Therefore, these findings fit in an already impressive literature implicating thalamocortical connectivity in schizophrenia,44 conversion to psychosis,45 and
improvement in cognitive ability after cognitive remediation.46
Although not initially hypothesized, these findings were robust when controlling for covariates of no interest (eg, motion, sex, race, and site) and appeared to predict cognitive ability above and beyond CON global efficiency. We therefore
believe that these findings provide the first evidence of reduced global efficiency in the subcortical network in psychotic disorders and associations between subcortical global
efficiency and cognitive ability.
It is widely recognized that individuals with psychosis experience cognitive impairments across many domains, and
many researchers have argued that understanding the common substrate of this generalized deficit is as important as understanding the nature of specific impairments.20,21,47 We hypothesized that one neurobiological contribution to the
generalized deficit was abnormal efficiency of functional brain
networks. The CON global efficiency was related to general cognition above and beyond the mean CON connectivity, suggesting that the organization of nodal connections is important for
understanding cognitive impairments. Critically, this study replicates previous findings,25,48 now in 3 distinct data sets, indicating a positive association between CON global efficiency
and cognitive function in resting state and pseudoresting state
data but extends this work across the spectrum of psychotic
disorders. The association of cognitive deficits with network
efficiency supports the hypothesis of a generalized impairment in cognition that is shared across psychotic disorders and
is related to the efficiency of functional brain networks.
Finally, we did not observe significant reductions in FPN
efficiency or a significant association between FPN efficiency and general cognition. This was surprising given the
strong literature suggesting a role of FPN abnormalities in
cognitive ability generally 19 and psychiatric disorders
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specifically.9,49 Previous associations have been found between FPN efficiency and cognition; however, this was found
in pseudoresting state data, which involved the regression of
task-related BOLD signal.25 The FPN is composed of flexible
hubs that rapidly update based on task demands.17 We speculate that pure resting state data may be less reflective of these
flexible dynamics, and therefore FPN efficiency measured
using resting state may be less sensitive to associations with
cognition. However, follow-up studies that more directly compared resting state and pseudoresting state data would be
needed to support this hypothesis.

Limitations
A limitation of the current study was that the amount of resting state data was relatively small (5 minutes) in an intermediate range of the time needed for stable resting state data
estimates.50 Nonetheless, the consistency of our findings across
multiple data sets provides evidence of convergent validity on
the association between CON efficiency and cognition. In addition, most patients with psychotic disorders were taking antipsychotics, and the effect of medications on our findings cannot be determined. However, generalized cognitive deficits in
psychotic disorders are not believed to be secondary to
antipsychotics.51 Inclusion of a chlorpromazine equivalent dose
as a covariate did not change the association between cognition and CON global efficiency.

Conclusions
Using a dimensional approach, we found that the generalized
cognitive deficit is associated with reduced CON and subcortical network efficiency across psychotic disorders. Our findings add to an expanding literature implicating CON in the phenomenology of psychiatric disorders and support the utility
of network science in understanding functional connectivity
abnormalities in disease states. We revealed significant reductions in CON global and local efficiency and subcortical network global efficiency across psychotic disorders and a mediating role of CON and subcortical global efficiency in the
association between psychotic disorder status and cognitive
function. Further understanding of why CON and subcortical
efficiency are reduced and how those connectivity differences interact with other brain systems will be critical to further elucidating the dimension of cognitive impairment in
psychosis.
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Invited Commentary

A Brain Network–Based Grading of Psychosis
Could Resting Functional Magnetic Resonance Imaging
Become a Clinical Tool?
Lena Palaniyappan, MBBS, PhD; Kara Dempster, MD; Qiang Luo, PhD

Cognitive deficits are the major contributing factors to social
and vocational deficits across many major mental illnesses such
as schizophrenia, bipolar disorder, and depression. Sheffield
et al1 build on their previous investigations on the physiology
of cognitive performance in
psychosis to elegantly show
Related article page 605
that the generalized cognitive deficit in psychosis may
result from a transdiagnostic, rather than a disorder-specific,
impairment in the operation of large-scale brain networks. This
is promising work that has enriched the translational potential of functional magnetic resonance imaging (fMRI) in treating psychosis.
Sheffield et al1 used imaging and cognitive data collected
from the multisite Bipolar-Schizophrenia Network on Intermediate Phenotypes and included patients with schizophrenia, schizoaffective disorder, and psychotic bipolar disorder
as well as healthy controls. General cognition was measured
from a single factor explaining more than 50% of interindividual variances in cognitive ability in working memory, executive functioning, processing speed, motor speed, verbal fluency, and verbal memory. As expected, the patients with
schizophrenia were the most cognitively impaired (Cohen
d = 1.40) while the patients with bipolar disorder were the least
impaired (Cohen d = 0.83) and the patients with schizoaffective disorder fell in between the 2 (Cohen d = 1.28). Global efficiency, a graph theoretical metric that represents the efficiency of communication within a set of connected nodes, was
used as a proxy measure of network integrity. Twelve largescale networks were studied, with a prior expectation to find
anomalies in the cingulo-opercular (CON, or salience network) or frontoparietal network. The groups with schizophrenia and bipolar disorder showed significantly reduced CON
global efficiency relative to the healthy controls, although no
jamapsychiatry.com

significant differences were noted among the diagnostic
groups. The global efficiency of the CON and subcortical network was associated with general cognitive ability across the
entire study population and mediated the relationship between psychotic status and general cognition. These results
implicate the importance of the CON network in general cognition and across psychotic-spectrum disorders. They also support a role for subcortical network (thalamus/basal ganglia) integrity in the physiology of cognitive dysfunction in psychosis.
Despite the anatomical consistency of large-scale systems derived from resting state fMRI, the studies using these
methods to study clinical populations are still plagued by the
issue of approximate, rather than exact, replications. Major issues are not consistently using spatial localization or parcellation approaches when studying connectivity and confounding that arises during data processing. Sheffield et al1 control
for many known issues in preprocessing, including motion, site
variability, and confounding related to race/ethnicity and sex.
The authors treated the global average fMRI signal as a nuisance variable and discarded the negative weights when
constructing networks for graph analysis, although recent studies have challenged this approach, demonstrating schizophrenia-related variations in global signals.2 While the specificity
of the brain-cognition relationship to CON and subcortical networks reduces these concerns, it is important to study the association between global signals and these networks more systematically in the future. This will also help us reconcile the
inconsistencies related to other critical networks, such as the
frontoparietal network, shown elsewhere to be an important
subsystem with transdiagnostic abnormalities in psychosis.3
Since we first proposed an integrated notion of CON dysfunction in psychosis,4 several studies have confirmed the critical role of reduced cross-network interactions between the CON
and other major brain networks (especially the medial de(Reprinted) JAMA Psychiatry June 2017 Volume 74, Number 6
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