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A B S T R A C T

Visual processing and attention deficits are responsible for a substantial portion of the disability caused by
schizophrenia, but the source of these deficits remains unclear. In 35 schizophrenia patients (SzP) and 34 healthy
controls (HC), we used a rapid serial visual presentation (RSVP) visual search task designed to activate/deac-
tivate the cortical components of the attentional control system (i.e. the dorsal and ventral attention networks,
lateral prefrontal regions in the frontoparietal network, and cingulo-opercular/salience networks), along with
resting state functional connectivity, to examine the integrity of these components. While we find that beha-
vioral performance and activation/deactivation of the RSVP task are largely similar between groups, SzP ex-
hibited decreased functional connectivity within late visual components and between prefrontal and other
components. We also find that performance correlates with the deactivation of the ventral attention network in
SzP only. This relationship is mediated by the functional connectivity of critical components of the attentional
control system. In summary, our results suggest that the attentional control system is potentially used to com-
pensate for visual cortex deficits. Furthermore, prefrontal deficits in SzP may interfere with this compensatory
use of the attentional control system. In addition to highlighting focal deficits and potential compensatory
mechanisms in visual processing and attention, our findings point to the attentional control system as a potential
target for rehabilitation and neuromodulation-based treatments for visual processing deficits in SzP.

1. Introduction

Deficits in attentional control are considered to be a core feature of
schizophrenia and a key contributor to cognitive dysfunction (Luck and
Gold, 2008; Nuechterlein et al., 2009). Two major components of at-
tentional control are selective attention and cognitive control. Selective
attention is often measured by the ability to select target stimuli from
amongst distracting stimuli during visual search. Cognitive control is
often measured by the ability to inhibit automated responses during
continuous performance tests (CPT), such as the CPT- Identical Pairs
(CPT-IP) Attention/Vigilance test in the Measurement and Treatment
Research to Improve Cognition in Schizophrenia (MATRICS) Cognitive
Consensus Battery (MCCB). While cognitive control is reliably impaired

in schizophrenia patients (SzP) (Nuechterlein et al., 2008), selective
attention may be paradoxically intact (Gold et al., 2009). However,
other studies point to attentional deficits originating in the visual
system (Javitt, 2009; Martinez et al., 2012a). In the present study, we
examine all of the components of the attentional control system si-
multaneously to identify potential deficits in SzP. Specifically, we used
an fMRI visual search task designed to localize and examine the brain
areas involved in various aspects of attention control (selective atten-
tion, cognitive control, and visual processing), and then used resting
state functional connectivity to examine the integrity of the underlying
brain networks.

Numerous neuroimaging studies have described cortical areas
spanning frontal, parietal, and temporal regions that are involved in the
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control of visual attention. One influential model, proposed by Corbetta
and Shulman, describes how these areas interact (Corbetta et al., 2008;
Corbetta and Shulman, 2002) based on well-characterized macaque
models of attentional and oculomotor control (Fecteau and Munoz,
2006; Lappi, 2016; Patel et al., 2015) (Fig. 1). The model subdivides
these areas into component networks (hereafter called components).
The core components of this model are the dorsal and ventral attention
networks, which are implicated in selective attention. The dorsal at-
tention network consists of a set of frontoparietal areas in both hemi-
spheres, including ones along the intraparietal sulcus (IPS) and the
frontal eye-fields (FEF). The ventral attention network is lateralized to
the right hemisphere and consists of the temporoparietal junction (TPJ)
and ventral frontal cortex (VFC). These networks interact with early
(V1-V4) and late (MT, LO, and others in lateral occipital cortex) visual
processing areas in the occipital lobe to enhance the processing of vi-
sual features or spatial locations that may be of interest. The func-
tioning of these components is controlled by lateral prefrontal cortical
areas within the frontoparietal and the cingulo-opercular/salience
network, involved in adaptive and stable cognitive control, respec-
tively. The cingulo-opercular/salience network includes the dorsal
anterior cingulate (dACC) and anterior insula (aIns) (Dosenbach et al.,
2008).

While in general, fMRI studies examining cognitive deficits have
demonstrated that SzP have prominent deficits in prefrontal (Kahn
et al., 2015; Goldman-Rakic and Selemon, 1997; Minzenberg et al.,
2009) and visual cortex (Javitt and Freedman, 2015; Javitt, 2009),
whether and how these deficits impact attentional control remains
unclear. For example, one recent pair of fMRI studies of attention sys-
tems (one using a visual search task and another an oddball paradigm)
in SzP revealed deficient activation of the dorsal, ventral, and cingulo-
opercular/salience networks (Jimenez et al., 2016; Wynn et al., 2015).
However, an earlier fMRI study examining how perceptions of spatial
frequency affect visual attention in SzP found intact dorsal attention
areas and impaired visual cortex functioning (Martinez et al., 2012a).

Recent studies have also used resting state functional connectivity
to examine the connectivity within or between these components in
SzP. Resting state functional connectivity is thought to measure a
combination of anatomical connectivity and experience-dependent
plasticity (Buckner et al., 2013) and is largely independent of cognitive

state (Gratton et al., 2018). As with the task fMRI literature, resting
state functional connectivity studies have shown deficits in many of the
relevant subcomponents with no consensus. Specifically, some studies
found reductions in connectivity within one component (i.e., dorsal
attention network (Woodward et al., 2011), frontoparietal network
(Baker et al., 2019; Baker et al., 2013; Mamah et al., 2013), while
others have revealed that the notable deficits occur between compo-
nents (i.e., between cingulo-opercular and salience network (Mamah
et al., 2013; van de Ven et al., 2017). Another study found no group
differences within or between the frontoparietal or cingulo-opercular
components (Sheffield et al., 2015).

Due to the inconsistent findings in task and resting state fMRI stu-
dies about the integrity of the brain areas and networks involved in the
control of attention, we hypothesized that there may be multiple defi-
cits within and between these components —spanning prefrontal, par-
ietal, and visual cortex—that summed together may explain impaired
visual attention in SzP. In order to examine the functioning and con-
nectivity of these components, we measured BOLD-fMRI signals evoked
by the rapid serial visual presentation (RSVP) visual search task in SzP
and healthy controls (HC). The RVSP task was developed by Patel and
colleagues to separate BOLD activity of the cortical components in-
volved in the attentional control system, as proposed by Corbetta/
Shulman (Patel et al., 2015; Patel et al., 2010; Shulman et al., 2003). In
this task, participants are instructed to detect a target stimulus while
covertly attending to a rapid stream of clipart images displayed to the
left, right, or superimposed over a central fixation point. During the
visual search phase of the RSVP task, the areas within the visual pro-
cessing, dorsal attention network, prefrontal, and cingulo-opercular/
salience components are activated by the combination of visual pro-
cessing, selective attention, and cognitive control. We therefore hy-
pothesized that disruptions in the attentional control system may
manifest in reduced activations in one or more of these components for
SzP compared to HC during the visual search phase of the RSVP task.

Areas in the ventral attention network, on the other hand, are de-
activated during the visual search phase until a target is detected and
triggers a transient activation. Stronger deactivation of the ventral at-
tention network during visual search is associated with improved se-
lective attention as measured by improved correct detection of targets
embedded in distractors (Shulman et al., 2007) or by a high- versus

Fig. 1. A) Corbetta-Shulman model of the attentional
control system. Incoming visual information is pro-
cessed first through early visual areas (yellow) de-
signed to extract low-level visual features, then
through higher-level visual areas (orange) that ex-
tract shape and object information. Dorsal attention
areas (cyan) interact with these visual areas to en-
hance the processing of behaviorally relevant fea-
tures or objects, known as top-down or goal-directed
orienting of attention. While dorsal attention areas
are activated, ventral attention areas (green) are de-
activated. The degree of deactivation is associated
with engagement of the attentional control system:
increased deactivation of the ventral attention net-
work is associated with both successful detection of
targets amongst distractors in a rapid serial visual
presentation (RSVP) visual search task and increased
working memory load (Shulman et al., 2007; Todd
and Marois, 2004). When a novel behaviorally re-
levant stimulus is presented, the ventral attention
network spikes in activity, alerting the dorsal atten-

tion network to shift its focus. This interaction is controlled by the combination of prefrontal areas (tan) and the cingulo-opercular/salience network (purple), which
maintains and updates task demands to achieve the current behavioral goals. B) RSVP task schematic: Participants viewed a target stimulus prior to start of task.
During the visual search phase, participants were instructed to fixate on a centered white dot while covertly attending to the RSVP stream of clip art images in one of
three locations (represented by yellow squares). Once a target stimulus was detected, participants were instructed to quickly respond by pressing a button with their
index finger on a fiber optic button box. (see Supplemental Methods for detailed description). Abbreviations: TPJ: temporoparietal junction IPS: intraparietal sulcus
FEF: frontal eye-fields PFC: prefrontal cortex VFC: ventral frontal cortex aIns: anterior insula ACC: anterior cingulate cortex. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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low-load working memory task (Todd and Marois, 2004). Therefore, we
hypothesized that in ventral attention deactivation magnitude would
correlate with detection rate in one or both populations, such that
greater deactivation is associated with higher detection rate.

The balance of activation/deactivation of the dorsal and ventral
attention network throughout the task requires intact connectivity both
with the visual areas (which process the bottom-up inputs) and with the
prefrontal cortex and the cingulo-opercular/salience networks, which
together maintain cognitive control during the task (He et al., 2007).
Therefore, we also examined the resting functional connectivity of these
components. We hypothesized that there would be reduced con-
nectivity between visual and other attentional control components and
between components involving prefrontal cortex regions (cingulo-op-
ercular/salience, dorsal attention) in SzP compared to HC. Further, we
posited that connectivity between attentional control components
would correlate with detection rate. Given the relationship between
connectivity and functioning in the attentional control system, we also
investigated the relationship between connectivity and functioning in
predicting detection rate, hypothesizing that one might mediate the
other.

2. Materials and methods

2.1. Participants

35 schizophrenia patients (SzP) and 34 healthy controls (HC), be-
tween ages 18–55 (Table 1), were recruited through the Lieber Schi-
zophrenia Research Clinic (LSRC) with informed consent in accordance
with New York State Psychiatric Institute’s Institutional Review Board
(IRB). Participants completed a behavioral session and an MRI session,
on separate days. The behavioral session included a demographic
questionnaire as well as the Wide Range Achievement Test (WRAT-3) to
measure IQ. During the behavioral session, SzP also completed the
MCCB, a standard cognitive battery designed to test various domains of
cognitive functioning in schizophrenia. All MCCB cognitive assessments
were completed, with the exception of the behavioral tasks used to
calculate the social cognition domain. In addition to the MCCB, SzP also
received a 3rd behavioral session in which the Positive and Negative
Symptom Scale (PANSS) was completed to determine severity of psy-
chotic symptoms (Supplementary materials S1 for inclusion/exclusion
criteria).

2.2. Task fMRI and resting Acquisition, and processing

Two runs of the fMRI task and two to four resting state scans were
collected on a 3 T GE Scanner for each participant. The fMRI task was
adapted from a version of Patel and colleagues’ rapid-serial visual
presentation (RSVP) paradigm (Patel et al., 2015; Patel et al., 2010), in

which participants were instructed to fixate on a white dot appearing
vertically below the center of the display screen, covertly attend to an
RSVP stream of clip art images presented at 100 ms per image to the
left, right, or center of the screen, and press a button when the target
image appears (Fig. 1B and Supplementary Materials. Task duration
was 5 min 30 s each (~20 trials/run). The event-related task design was
designed to separate BOLD signals related to visual processing and at-
tention from detection. Timing for correct detections, missed targets,
and false positives, along with reaction times for correct detections
were collected by the stimulus computer. Participants used a fiber optic
button box for target detection. Eye movements were recorded using
Eyelink 1000plus (SR Research, Mississauga, Ontario, Canada) to en-
sure participants were actively performing the task. Participants were
briefly trained on the task, before BOLD collection began. At least two
5 min and 30 s resting state scans were collected before the RSVP task
and two were collected after the completing the task.

Structural T1 and T2 (0.8 mm isotropic), multiband (MB) fMRI
(2 mm isotropic, TR = 850 ms, MB factor 6), and distortion correction
scans (B0 fieldmaps) were acquired as required for use of the Human
Connectome Project (HCP) processing pipelines. The HCP pipelines
performs standard preprocessing procedures (alignment to individual’s
anatomical data, movement correction, distortion correction, and atlas
alignment), along with surface-based extraction and surface atlas
alignment of gray matter voxels to improve co-registration of functional
maps between individuals and with standard surface atlases (Glasser
et al., 2013). To ensure replicability, we aimed to collect ~20 min of
resting state data per participant (Laumann et al., 2017).

2.3. Experimental design and statistical analyses

2.3.1. Task fMRI, ROI Selection, and resting state analyses
BOLD runs in which participants were not performing the task or in

which there were technical issues were excluded from the analysis,
resulting in similar numbers of individuals in both groups with one and
two task BOLD runs (32/34 HC with 2 BOLD runs, 35/35 SzP with 2
BOLD runs). Individual and group level task analyses were performed
with FSL’s FEAT and FLAME toolboxes. The event-related design and
analyses allowed for separation of sustained signals related to visual
processing and attention from the transient signals related to detection
(Fig. 1B) (Patel et al., 2015; Patel et al., 2010; Shulman et al., 2003).
Analyses were first performed voxelwise to produce main effect acti-
vation surface maps for each group.

Regions of interest (ROIs) were drawn separately for each group
based on activation maps, with labels largely based on sulcal/gyral
anatomy for ROI-level comparisons of activation and connectivity
(Supplementary Table 1; Supplementary Materials, S1.7.3 ROI Defini-
tions). ROIs were then combined into a priori defined components (early
visual, late visual, dorsal attention, ventral attention, cingulo-

Table 1
Demographics, IQ, PANSS symptoms, and medications.

Demographics Mean (Standard Deviation) Schizophrenia (n = 35) Healthy controls (n = 34) Statistics

Age (years) 39.4(11.2) 35.7 (9.8) t(64) = 1.42, p = 0.16
Gender (male/female) 26/9 19/12 χ2 = 1.28, p = 0.28
Race/Ethnicity (%White

%Black
%Hispanic)

31%
43%
34%

26%
48%
13%

χ2 = 0.25, p = 0.61
χ2 = 0.20, p = 0.65
χ2 = 4.1, p = 0.04

Participant Education (years) 14.2 (2.7) 15.1(1.9) t(61) = 1.5, p = 0.14
Participant SES 31.2 (13.4) 35.3(12.9) t(64) = -1.3, p = 0.21
Edinburgh Handedness Score 17.5(4.2) 15.4(6.2) t(52) = 1.6, p = 0.12
IQ (WRAT scaled score) 96.1(10.6) 99.4(13.6) t(51) = -1.0p = 0.30
Parent SES 39.6(15.1) 43.2(13.9) t(62) = -1.0, p = 0.32
PANSS Positive Symptoms 15.0(4.6) –
PANSS Negative Symptoms 13.5(4.1) –
PANSS Total Scores 56.6(14.1) –
Antipsychotic dose (CPZ equivalents, mg) 643.6(1070.6) –
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opercular/salience, prefrontal) to repeat analyses with reduced di-
mensions while preserving known functional/anatomical relationships.
Prefrontal ROIs were separated from dorsal attention and cingulo-op-
ercular components because they fell within the frontoparietal network
at defined by Yeo et al. (2011) and Gordon et al. (2014) and because of
the separate status of prefrontal cortex in the original Corbetta-Shulman
Model. Ventral attention ROIs were defined as voxels both deactivated
by visual processing and attention and activated by detection; this was
done in our earlier manuscript (Patel et al., 2015) and was similar to the
original functional definition of the ventral attention network in
Shulman et al. (2003). To avoid bias caused by separately defining ROIs
within each group, analyses were repeated when ROIs were switched
between groups (HC ROIs used in SzPs and vice-versa) and with ROIs
derived from Gordon et al. (2014), with both control analyses yielding
similar results (Supplemental Fig. 2). With the Gordon atlas, we also
examined the activation of the angular gyrus node of the default mode
network and its correlation with the detection rate.

Standard post-processing procedures adapted from Power et al.
were used to minimize movement-related artifacts (Power et al., 2014),
with a framewise displacement (FD) threshold of 0.2 mm for frame
censoring (see Supplementary Methods and Results for further discus-
sion). Resting state functional connectivity analyses were then per-
formed by correlating the cleaned time-course of each ROI pair (Pear-
son’s correlations) within each participant. Between component
connectivity was calculated by averaging all ROIs within a component,
and then correlating the timecourses between components. Within-
component connectivity was calculated by averaging ROI-ROI con-
nectivity.

Spring-loaded graphs were produced in MATLAB and used to vi-
sualize the functional architecture of components and ROIs. The nodes
in the graphs represent a single cortical component or ROI and were
arranged such that the distance between any two nodes in the spring-
loaded graph was inversely proportional to the similarity in their con-
nectivity patterns with other areas. The connectivity strength between
nodes was represented by the thickness of the line connecting the
nodes, and the number and strength of connections to that node
(weighted node degree) was represented by the diameter of the nodes.
Weighted node degree was chosen as it provides information about
which components are most critical for the functioning of a network
(Betzel et al., 2016; Rubinov and Sporns, 2010).

2.3.2. Linear modeling of relationship between Task, Connectivity, and
behavioral measures

Pearson’s correlations were performed to examine the relationship
between fMRI data and behavioral measures. To normalize the dis-
tributions, ROI-ROI or component-component resting-state connectivity
data were Fisher-z transformed, and detection rate was arcsine-trans-
formed. MCCB t-scores and ventral attention network deactivation were
also used. 2 SzP were missing MCCB data due to attrition and were
excluded from this analysis. All correlations across groups used group
membership as a covariate. All variables were checked for correlation
with antipsychotic medication dosage in chlorpromazine (CPZ)
equivalents (Rose, 1997). If there was a significant correlation, the
analysis was repeated with antipsychotic dosage as a covariate.

For multivariate relationships, stepwise linear regression was used
to add or remove factors, with Bayes’ Information Criteria for penalized
regression. Only resting state functional connectivity relationships

prespecified by the modified Corbetta-Shulman model were considered
for these analyses (Fig. 1).

2.3.3. Multiple comparisons correction
Group differences in task activation data were corrected for multiple

comparisons by Bonferroni correction. Due to the interconnectedness
between ROIs inherent to resting state connectivity metrics, group
differences in resting state connectivity and weighted node degree were
corrected by non-parametric permutation testing (run 10,000 times)
(Chen et al., 2016). All reported statistics survived multiple compar-
isons-correction unless otherwise noted.

See Supplementary Material for additional detailed information
regarding task design, acquisition, and analysis procedures. All task and
analysis materials will be made available to reasonable requests made
to the corresponding author.

3. Results

3.1. Demographics and behavior

Demographics were closely matched between the two groups. SzP
only significantly differed from HC group in percentage of individuals
identifying as Hispanic (Table 1). Detection rate and false detection rate
were similar in the two populations, but SzP reaction times were on
average 46 ms longer than HCs (Table 2). Removing two outliers
(> 2sd) in the SzP reduces the mean RT to 577(56) milliseconds (ms),
with a still-significant difference of 33 ms (p = 0.02). Reaction time
strongly and negatively correlated with detection rate in both groups
with no group difference in intercept or slope (reaction time: rp = -
0.45, F2,70 = 14.2, p = 0.0004). The proportion of individuals able to
appropriately maintain fixation for at least 1 BOLD run was also similar
between groups (24/35 SzP vs. 23/34 HC). In SzP, the range of MCCB
domain scores ranged from a T-score of 40.31–42.56 (Supplementary
Table 2) and detection rate correlated with the MCCB Attention/Vigi-
lance t-scores (r = 0.42, p = 0.015), but not Speed of Processing,
Working Memory, or Visual Learning. Detection rate did not correlate
with antipsychotic dosage, as measured by CPZ equivalents (r = 0.25,
p = 0.15).

3.2. Task fMRI results

In both HC and SzP, ROIs defined by activation during the visual
processing and attention or the visual search phase of the task were
distributed through all four lobes, and were subdivided into early/late
visual processing, dorsal attention network, prefrontal, and cingulo-
opercular/salience components (Fig. 2A, Supplemental Table 1 and
Supplemental Results). In addition, two ROIs defined by both deacti-
vation during visual search and activation during detection were lo-
cated in the TPJ and ventral frontal cortex (VFC) and assigned to the
ventral attention network.

SzP showed significantly greater magnitude of activation in left
(t67 = 2.8, p = 0.0062) and right (t67 = 3.0, p = 0.0037) early visual
areas, compared to HC (Fig. 2B, both p < 0.05 multiple comparisons
corrected). HC did not show greater activation in any components
compared to SzP. Similar results were obtained when comparing the
subpopulations of participants who were appropriately maintaining
fixation.

Table 2
RSVP behavioral performance.

RSVP Task Performance Means (Standard Deviations) Schizophrenia (n = 35) Healthy controls (n = 34) Statistics

Detection Rate (%) 75.1(19.5) 78.9(20.5) t(67) = −0.8,p = 0.44
False detection rate (%) 60.1(61.4) 60.6(59.3) t(67) = −0.03, p = 0.97
Reaction Time (ms) 590(75) 544(59) t(65) = 2.84, p = 0.006
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3.3. Resting state functional connectivity results

Spring-loaded graphs were used to visualize the resting state func-
tional connectivity relationships in both groups (Fig. 3A). In HCs, the
component graphs largely replicated the Corbetta-Shulman model, with
visual components connected to cingulo-opercular/salience regions
through dorsal attention and prefrontal areas (Fig. 3A versus Fig. 1).
This includes the modification of the ventral attention network being
connected to the cingulo-opercular/salience network. The hypothesized
visual network to ventral attention network connection is missing in the
component connectivity graph, but the ROI connectivity graph suggests
that this may take place through a connection between the posterior
superior temporal gyrus (pSTG) and the TPJ (Supplemental Fig. 1A).

While the overall functional architecture is qualitatively similar
between groups (Fig. 3A), contrasting the component connectivity of
HC and SzP reveals focal deficits both within and between components
(Fig. 3B and Supplemental Figs. 1 and 2). We found the most pro-
nounced within-component deficits in the connectivity of the left late
visual cortex (d = 0.81, p = 0.0008. Comparing the within-component
weighted node degree (the number and strength of connections be-
tween a node) after collapsing hemispheres confirmed this observation,
with within-component connectivity deficits present in late visual
cortex (Cohen’s d = 2.6, p < 0.05) along with a smaller deficit within
prefrontal cortex that did not survive multiple-comparisons correction
(Cohen’s d = 2.1, p < 0.05 uncorrected; Fig. 3C).

When examining between-component connectivity, we found

Fig. 2. A) Group average mixed-effects activation maps represented on the cortical surface during the RSVP visual search phase. ROI definitions used for analyses are
outlined in colors based on which component they were assigned to. B) Magnitude of activation for each component during the visual search phase of the task for SzP
(red) and HC (blue). Error bars represent 95% confidence intervals, *p < 0.05 multiple comparisons corrected. Abbreviations: L: left R: right CO: cingulo-opercular
PFC: prefrontal cortex LO: lateral occipital MT: medial temporal VOT: ventral occipital temporal pSTG: posterior superior temporal gyrus TPJ: temporoparietal
junction vIPS: ventral intraparietal sulcus pIPS: posterior intraparietal sulcus aIPS: anterior intraparietal sulcus FEF: frontal eye-fields iPCS: inferior precentral sulcus
VFC: ventral frontal cortex aIns: anterior insula aMFG: anterior middle frontal gyrus aIFS: anterior inferior frontal sulcus pIFS: posterior inferior frontal sulcus a32:
anterior 32 p32: posterior 32 daCC: dorsal anterior cingulate cortex. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 3. A) Spring-loaded network graphs of resting state functional connectivity based on weighted node-degree. Components thresholded at the 60th%tile, so that all
nodes have at least one connection. Distance between nodes is inversely proportional to similarity in connectivity patterns, diameter of each node corresponds to
number of connections, and thickness/darkness of edges corresponds to the strength of the connection. Component-component connectivity strength (r) noted next to
each edge. Solid nodes represent right hemisphere components and striped nodes left hemisphere. Green outlines highlight late visual connectivity deficits and pink
outline highlights prefrontal cortex deficits in all panels. B) Effect sizes of group difference in connectivity within and between components (11 × 11 components).
Left half unthresholded, right half thresholded at p < 0.05. Orange outline highlights p < 0.05 multiple comparisons corrected differences, corrected through
permutation testing. C) Group differences in within and between component connectivity, collapsed across hemispheres and represented as differences in weighted
node degree (number of connections × strength of connections). Error bars reflect 95% confidence intervals (CIs) of the group differences derived from permutation
testing. CIs may be asymmetric due to non-normal null distribution. *p < 0.05 multiple comparisons corrected. Abbreviations: L: left R: right E-Vis: early visual L-
Vis: late visual DAN: dorsal attention network PFC: prefrontal cortex CO/Sal: cingulo-opercular/salience VAN: ventral attention network. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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deficits between right prefrontal cortex and multiple components, in-
cluding left prefrontal cortex (d = 0.52), right dorsal attention
(d = 0.61), left dorsal attention (d = 0.74), and right late visual
(d = 0.58; Fig. 3B). The likelihood of observing deficits in the con-
nectivity of the right prefrontal cortex and these four components by
chance was p < 0.0001. Again, contrasting weighted node degree
(after collapsing across hemispheres) confirmed our observation; be-
tween-component connectivity deficits were observed between pre-
frontal cortex and the other components (Cohen’s d = 2.5, p = 0.002;
Fig. 3C). Results were similar when the connectivity analyses were re-
peated only for the subsets of HC and SzP who maintained fixation
during the RSVP task (Supplemental Fig. 2). Antipsychotic dose in SzP
did not correlate significantly with the strength of any component-
component connectivity pairs.

3.4. Task deactivation of the ventral attention network and detection rate

Deactivation of the ventral attention network during visual search
correlated strongly with detection rate in SzP, but not in HC
(group × deactivation: F2,67 = 6.0, p = 0.017; SzP r = 0.54,
p = 0.0009; HC: r = 0.05, p = 0.75; Fig. 4A). This relationship was
similar in the subset of SzP and HCs who correctly maintained fixation
(SzP: r = −0.46, p = 0.02; HC: r = 0.01, p = 0.95). Antipsychotic
dose in SzP does not correlate with deactivation (r = 0.12, p = 0.50).

When examining the at the ROI level, the TPJ showed the strongest
relationship with detection rate in SzP (r = -0.48, p = 0.0036; HC:
r = 0.02, p = 0.90). Exploratory analyses revealed other activation-
detection rate correlations within ROIs in the dorsal attention networks.
However, there were no significant relationships between task activa-
tions with false detection rate or with reaction time (Supplemental
Results). No correlation was observed between the deactivation of the
adjacent angular gyrus node of the default mode network and detection
rate (Supplemental Results). Similar results were also obtained when
using HC ROIs to examine SzP data and vice-versa, suggesting that
group-specific ROI definitions did not bias the results.

3.5. Predicting detection rate in SzP

We then used stepwise linear regression to examine the relationship
between the strength of component-component connectivity and de-
tection rate. Only three connectivity motifs, or pairwise correlations
between two components, remained in the final model including the
connectivity of right early to left late visual (partial r = 0.41,
p = 0.005), the right dorsal attention to right prefrontal (partial
r = 0.31, p = 0.02), and the left cingulo-opercular/salience to right

ventral attention components (partial r = 0.39, p = 0.006; Fig. 4B).
Together, the motifs explained 50% of the variance in detection rate
(R2 = 0.50, p = 0.0001, F2,33 = 9.8).

When entered into a stepwise model for predicting detection rate
with the three connectivity motifs, ventral attention network deacti-
vation was eliminated, leaving the three connectivity motifs. Mediation
analysis (Fig. 4C) revealed that the three connectivity motifs together
mediated the relationship between ventral attention network and de-
tection rate (Sobel test statistic = 3.6, p = 0.0003; (Mackinnon et al.,
1995).

4. Discussion

In this study, we examined the activation patterns and resting state
functional connectivity of components in the attentional control system
in SzP and HC and their relationship to visual search performance. First,
we found that performance on this task, as measured by detection rate,
was similar between SzP and HC. Second, we found that early visual
cortex was hyper-activated in SzP during the visual search phase of the
RSVP task. Third, we found disruptions in the connectivity of late visual
components and between prefrontal and other components (namely the
dorsal attention network) in SzP. Fourth, we found that detection rate
during the visual search task significantly correlated with deactivation
of the ventral attention network in SzP, but not HC. Fifth, we found that
detection rate correlated independently with connectivity between
early to late visual, right prefrontal to dorsal attention, and cingulo-
opercular/salience to ventral attention components of the attention
control system. Lastly, we found that these three connectivity motifs
mediated the relationship between detection rate and ventral attention
deactivation during the visual search phase of the task. While the be-
havioral results may suggest a lack of attentional control deficits in SzP,
the task and functional connectivity results point to a more intriguing
picture: in the presence of late visual and prefrontal cortex deficits,
some SzP may be able to use the attentional control system to com-
pensate for these deficits.

4.1. Evidence of visual cortex anomalies

While the RSVP task was not designed to directly test visual pro-
cessing integrity, the stimuli in this task involve a myriad of visual
features that are processed in early and late visual areas, such as high
contrast edges and implied motion. Subsequently, the findings of in-
creased activation in early visual components and decreased functional
connectivity within late visual cortex in SzP are consistent with pre-
vious behavioral, physiological, and fMRI studies in SzP. Behavioral

Fig. 4. Visualizations of relationships between task activations, resting state functional connectivity, and detection rate A) Scatter plot showing that the correlation
between ventral attention network deactivation and detection rate is significant for SzP (red) but not for HC (blue). B) Illustration of how detection rate and
connectivity motif correlations map onto the Corbetta-Shulman Model illustrated in Fig. 1A. Orange double headed arrows represent detection rate with early to late
visual components. Blue double headed arrows represent detection rate with dorsal attention to prefrontal components. Red double headed arrows represent ventral
attention to cingulo-opercular/salience components. C) Illustration of mediation of ventral attention network and detection rate by 3 connectivity motifs. Un-
standardized regression coefficients followed by standard error in parentheses. Green single headed arrow represents ventral attention deactivation. Abbreviations: L:
left R: right TPJ: temporoparietal junction IPS: intraparietal sulcus FEF: frontal eye-fields PFC: prefrontal cortex VFC: ventral frontal cortex aIns: anterior insula ACC:
anterior cingulate cortex Early Vis: early visual Late-Vis: late visual DAN: dorsal attention network CO/Sal: cingulo-opercular/salience VAN: ventral attention net-
work. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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studies have shown that compared to HC, SzP have reduced contrast
sensitivity (Butler et al., 2005), impaired motion discrimination (Chen
et al., 2004), and poor orientation discrimination (Tibber et al., 2015).
Visual event-related potential studies have shown reduced amplitudes
of P1 and N1 components to low contrast and low spatial frequency
stimuli, indicating disruptions in the magnocellular visual pathway and
possibly, dysfunction of NMDA-type glutamate receptors in SzP (Butler
et al., 2007; Martinez et al., 2008). The visual connectivity deficits we
see may therefore reflect a manifestation of the NMDA-receptor dys-
function of magnocellular inputs into these areas (Orliac et al., 2017;
van de Ven et al., 2017). Increased activation in early visual compo-
nents in SzP may also be the result of NMDA-receptor dysfunction in
that Anderson et al. found increased receptive field width in areas V1-
V4 may be linked to a NMDA-receptor hypofunctioning of inhibitory
neurons (Anderson et al., 2016).

4.2. Significance of brain-behavior associations

While there was no relationship between ventral attention network
activation with false detection rate, the correlation of the ventral at-
tention network deactivation with detection rate in SzP may reflect a
strategy to overcome visual processing anomalies by enhancing correct
detection. The deactivation of the ventral attention network has long
been thought to reflect the degree of engagement of the entire atten-
tional control system (Shulman et al., 2007; Todd et al., 2005), and to
our knowledge, this correlation is the first demonstration of this hy-
pothesis. This increased use or possible compensatory strategy in SzP
results in increased accuracy of detecting a target stimulus by both
enhancing the processing of relevant stimuli and suppressing distrac-
tions by irrelevant stimuli (Corbetta et al., 2008). Conversely, the lack
of brain-behavior correlations in HCs suggests that without visual
processing limitations, a number of heterogeneous strategies may be
employed for accurately detecting the target stimuli.

The deficits in the connectivity between prefrontal cortex and dorsal
attention network and the correlation between detection rate with this
motif points to the importance of the communication between these
two components in the control of attention. The prefrontal areas acti-
vated in this task are part of the frontoparietal network (Yeo et al.,
2011) that are implicated in communicating with multiple brain re-
gions to maintain and update current task demands (Dosenbach et al.,
2008). Disruptions in these lateral prefrontal areas have been linked to
working memory and cognitive control processes including deficits in
goal maintenance in SzP (Poppe et al., 2016). In contrast, the dorsal
attention areas (specifically pIPS and FEF) are retinotopically organized
maps that represent attentional priority—i.e., where in space one’s at-
tention is currently being allocated (Bisley and Goldberg, 2010; Jerde
and Curtis, 2013). Failures in the communication between the two
components may then lead to or reflect the failure to allocate enough
priority and or attention to a spatial location: in this case, the location
of the RSVP stream. The combination of the deficit and the correlation
in these two components may suggest these connections are not only
critical to the control of attention, but that some SzP have more severe
deficits in these connections that prevent them from effectively using
the entire attentional control system as a part of a compensatory
strategy.

The other connectivity motifs that correlated with performance—-
cingulo-opercular/salience to ventral attention and early to late visual
components—were not disrupted in SzP. Therefore, these correlations
may reflect increased use of (or the ability to use) the attention control
system to overcome the visual processing deficits. The increased cin-
gulo-opercular/salience to ventral attention connectivity may reflect
greater use of the ventral attention network to avoid distractions,
whereas the increased early to late visual cortex connectivity may re-
flect increased frequency and intensity of top-down signals from the
dorsal attention network to enhance visual representations shared be-
tween early and late visual areas (Corbetta et al., 2008; Squire et al.,

2013).
The observation that connectivity of all three major connectivity

motifs—early to late visual cortex, cingulo-opercular/salience to ven-
tral attention, and prefrontal to dorsal attention—contribute in-
dependent variance in detection rate indicates either that there are
multiple potential deficits in SzP affecting visual attention/processing
and/or that full compensation requires the intact communication of
major components of the Corbetta-Shulman model. The mediation of
the ventral attention network deactivation and detection rate by the
connectivity motifs supports this, suggesting that the intact system is
necessary for the maximal engagement of the attentional control system
(Corbetta et al., 2008). The fact that these interactions were predicted
by the model highlights its explanatory power in describing the ROI and
component interactions implicated in attentional control.

4.3. Limitations

There are a number of caveats to these findings, namely that the
chosen task was not designed to interrogate specific functions of any
given component or ROI involved in the attentional control system.
Results from seemingly similar studies may also differ from ours for a
number of reasons, including a) whether the stimuli evoked the specific
visual processing deficits observed in SzP (Anderson et al., 2016;
Martinez et al., 2012b; Orliac et al., 2017; van de Ven et al., 2017), b)
whether the task chosen loads more onto prefrontal-based cognitive
control processes through frontoparietal or cingulo-opercular/salience
networks as opposed to selective attention processes controlled by
dorsal/ventral attention networks (Jimenez et al., 2016; Wynn et al.,
2015) (see Supplementary Discussion), and c) whether the imaging/
parcellation methods rely on coarser resting-state parcellation schemes
or volume-based coordinates that result in mixing of signals between
adjacent areas (Glasser et al., 2016). Another potential limitation was
the high average antipsychotic medication dose in our SzP population.

4.4. Future directions

This study provides a framework to guide future investigations of
the mechanisms of and the potential treatment for visual processing and
attention deficits in SzP. Testing the inferences made about the deficits
and correlations observed in this study with different tasks and with
causal manipulations (such as TMS) will be crucial to disentangling
deficits from compensatory mechanisms. In particular, further study of
the integrity of the dorsal and ventral attention networks is needed,
such as the quantification of receptive field structure (Mackey et al.,
2017), which may reflect microcircuit deficits not easily seen with the
present task (Murray et al., 2014). Connections between early to late
visual cortex, right dorsal attention to right prefrontal, or left cingulo-
opercular/salience to right ventral attention may be promising targets
for neuromodulation either to improve or suppress attentional control
functioning to force use of the visual networks—similar to what is being
investigated in stroke rehabilitation (Corbetta, 2014). The use of the
attentional control system to overcome visual processing deficits may
also point to a compensatory mechanism that may generalize to any
disorder with visual deficits. Lastly, these results demonstrate the utility
of close application of cognitive neuroscience models to the study of
psychiatric disorders.

CRediT authorship contribution statement

Sophie C. Arkin: Writing - original draft, Writing - review &
editing, Investigation, Formal analysis, Visualization. Daniel Ruiz-
Betancourt: Formal analysis, Software, Visualization, Writing - original
draft. Emery C. Jamerson: Investigation, Methodology, Software.
Roland T. Smith: . Nicole E. Strauss: Investigation. Casimir C. Klim: .
Daniel C. Javitt: Funding acquisition, Resources. Gaurav H. Patel:
Conceptualization, Methodology, Formal analysis, Funding acquisition,

S.C. Arkin, et al. NeuroImage: Clinical 27 (2020) 102348

8



Resources, Software, Writing - original draft, Writing - review & editing,
Supervision.

Declaration of Competing Interest

GHP receives income and equity from Pfizer, Inc through family;
DCJ has equity interest in Glytech, AASI, and NeuroRx. He serves on the
board of Promentis. He holds intellectual property rights for the use of
NMDAR agonists in the treatment of schizophrenia, NMDAR antago-
nists in the treatment of depression and PTSD, and has submitted dis-
closures for fMRI-based prediction of ECT and TMS response, and EEG-
based diagnosis of neuropsychiatric disorders. Within the past 2 years,
he has received consulting payments/honoraria from Cadence, Biogen,
SK Life Science, Autifony, Glytech and Boehringer Ingelheim. SCA,
DRB, ECJ, RTS, NES, and CCK reported no biomedical financial inter-
ests or potential conflicts of interest.

Acknowledgements

We wish to thank Jack Grinband, Chad Sylvester, Guillermo Horga,
and Gordon Shulman for comments on the manuscript, and the funding
agencies who supported this work: NIMH (GHP: K23MH108711 and
T32MH018870, DCJ: R01MH049334), Dana Foundation (GHP), Brain
& Behavior Research Foundation (GHP), American Psychiatric
Foundation (GHP), Sidney R. Baer, Jr Foundation (GHP), Leon Levy
Foundation (GHP), and the Isabel and Herb Stusser Endowed Fund
(DCJ).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2020.102348.

References

Anderson, E.J., Tibber, M.S., Schwarzkopf, D.S., Shergill, S.S., Fernandez-Egea, E., Rees,
G., Dakin, S.C., 2016. Visual population receptive fields in people with schizophrenia
have reduced inhibitory surrounds. J. Neurosci. 3620–15. https://doi.org/10.1523/
JNEUROSCI.3620-15.2016.

Baker, J.T., Dillon, D.G., Patrick, L.M., Roffman, J.L., Brady, R.O., Pizzagalli, D.A., Ongür,
D., Holmes, A.J., 2019. Functional connectomics of affective and psychotic pa-
thology. PNAS 116, 9050–9059. https://doi.org/10.1073/pnas.1820780116.

Baker, J.T., Holmes, A.J., Masters, G.A., Yeo, B.T.T., Krienen, F., Buckner, R.L., Ongür, D.,
2013. Disruption of cortical association networks in schizophrenia and psychotic
bipolar disorder. JAMA Psychiatry. https://doi.org/10.1001/jamapsychiatry.2013.
3469.

Betzel, R.F., Gu, S., Medaglia, J.D., Pasqualetti, F., Bassett, D.S., 2016. Optimally con-
trolling the human connectome: the role of network topology. Sci. Rep. 6,
30770–30814. https://doi.org/10.1038/srep30770.

Bisley, J.W., Goldberg, M.E., 2010. Attention, intention, and priority in the parietal lobe.
Annu. Rev. Neurosci. 33, 1–21. https://doi.org/10.1146/annurev-neuro-060909-
152823.

Buckner, R.L., Krienen, F.M., Yeo, B.T.T., 2013. Opportunities and limitations of intrinsic
functional connectivity MRI. Nat. Publish. Group 16, 832–837. https://doi.org/10.
1038/nn.3423.

Butler, P.D., Martinez, A., Foxe, J.J., Kim, D., Zemon, V., Silipo, G., Mahoney, J., Shpaner,
M., Jalbrzikowski, M., Javitt, D.C., 2007. Subcortical visual dysfunction in schizo-
phrenia drives secondary cortical impairments. Brain 130, 417–430. https://doi.org/
10.1093/brain/awl233.

Butler, P.D., Zemon, V., Schechter, I., Saperstein, A.M., Hoptman, M.J., Lim, K.O.,
Revheim, N., Silipo, G., Javitt, D.C., 2005. Early-stage visual processing and cortical
amplification deficits in schizophrenia. Arch. Gen. Psychiatry 62, 495–504. https://
doi.org/10.1001/archpsyc.62.5.495.

Chen, G., Shin, Y.-W., Taylor, P.A., Glen, D.R., Reynolds, R.C., Israel, R.B., Cox, R.W.,
2016. Untangling the relatedness among correlations, part I: Nonparametric ap-
proaches to inter-subject correlation analysis at the group level. NeuroImage 142,
248–259. https://doi.org/10.1016/j.neuroimage.2016.05.023.

Chen, Y., Levy, D.L., Sheremata, S., Holzman, P.S., 2004. Compromised late-stage motion
processing in schizophrenia. Biol. Psychiatry 55, 834–841. https://doi.org/10.1016/
j.biopsych.2003.12.024.

Corbetta, M., 2014. Hemispatial neglect: clinic, pathogenesis, and treatment. Semin.
Neurol. 34, 514–523. https://doi.org/10.1055/s-0034-1396005.

Corbetta, M., Patel, G.H., Shulman, G.L., 2008. The reorienting system of the human
brain: from environment to theory of mind. Neuron 58, 306–324. https://doi.org/10.
1016/j.neuron.2008.04.017.

Corbetta, M., Shulman, G.L., 2002. Control of goal-directed and stimulus-driven attention
in the brain 3, 201–215. doi:10.1038/nrn755.

Dosenbach, N.U.F., Fair, D.A., Cohen, A.L., Schlaggar, B.L., Petersen, S.E., 2008. A dual-
networks architecture of top-down control. Trends Cogn. Sci. (Regul. Ed.) 12,
99–105. https://doi.org/10.1016/j.tics.2008.01.001.

Fecteau, J.H., Munoz, D.P., 2006. Salience, relevance, and firing: a priority map for target
selection. Trends Cogn. Sci. (Regul. Ed.) 10, 382–390. https://doi.org/10.1016/j.tics.
2006.06.011.

Glasser, M.F., Coalson, T.S., Robinson, E.C., Hacker, C.D., Harwell, J., Yacoub, E.,
Ugurbil, K., Andersson, J.L.R., Beckmann, C.F., Jenkinson, M., Smith, S.M., van
Essen, D.C., 2016. A multi-modal parcellation of human cerebral cortex. Nature 536,
171–178. https://doi.org/10.1038/nature18933.

Glasser, M.F., Sotiropoulos, S.N., Wilson, J.A., Coalson, T.S., Fischl, B., Andersson, J.L.,
Xu, J., Jbabdi, S., Webster, M., Polimeni, J.R., Van, D.C., Essen, Jenkinson, M., 2013.
The minimal preprocessing pipelines for the Human Connectome Project.
NeuroImage 80, 105–124. https://doi.org/10.1016/j.neuroimage.2013.04.127.

Gold, J.M., Hahn, B., Strauss, G.P., Waltz, J.A., 2009. Turning it upside down: areas of
preserved cognitive function in schizophrenia. Neuropsychol. Rev. 19, 294–311.
https://doi.org/10.1007/s11065-009-9098-x.

Goldman-Rakic, P.S., Selemon, L.D., 1997. Functional and anatomical aspects of pre-
frontal pathology in schizophrenia. Schizophr. Bull. 23, 437–458. https://doi.org/10.
1093/schbul/23.3.437.

Gordon, E.M., Laumann, T.O., Adeyemo, B., Huckins, J.F., Kelley, W.M., Petersen, S.E.,
2014. Generation and Evaluation of a Cortical Area Parcellation from Resting-State
Correlations. doi:10.1093/cercor/bhu239.

Gratton, C., Laumann, T.O., Nielsen, A.N., Greene, D.J., Gordon, E.M., Gilmore, A.W.,
Nelson, S.M., Coalson, R.S., Snyder, A.Z., Schlaggar, B.L., Dosenbach, N.U.F.,
Petersen, S.E., 2018. Functional brain networks are dominated by stable group and
individual factors, not cognitive or daily variation. Neuron 98, 439–452.e5. https://
doi.org/10.1016/j.neuron.2018.03.035.

He, B.J., Snyder, A.Z., Vincent, J.L., Epstein, A., Shulman, G.L., Corbetta, M., 2007.
Breakdown of functional connectivity in frontoparietal networks underlies behavioral
deficits in spatial neglect. Neuron 53, 905–918. https://doi.org/10.1016/j.neuron.
2007.02.013.

Javitt, D.C., 2009. When doors of perception close: bottom-up models of disrupted cog-
nition in schizophrenia. Annu. Rev. Clin. Psychol. 5, 249–275. https://doi.org/10.
1146/annurev.clinpsy.032408.153502.

Javitt, D.C., Freedman, R., 2015. Sensory processing dysfunction in the personal ex-
perience and neuronal machinery of schizophrenia. Am. J. Psychiatry 172, 17–31.
https://doi.org/10.1176/appi.ajp.2014.13121691.

Jerde, T.A., Curtis, C.E., 2013. Maps of space in human frontoparietal cortex. J. Physiol.
Paris 107, 510–516. https://doi.org/10.1016/j.jphysparis.2013.04.002.

Jimenez, A.M., Lee, J., Wynn, J.K., Cohen, M.S., Engel, S.A., Glahn, D.C., Nuechterlein,
K.H., Reavis, E.A., Green, M.F., 2016. Abnormal ventral and dorsal attention network
activity during single and dual target detection in schizophrenia. Front. Psychol. 7,
323. https://doi.org/10.3389/fpsyg.2016.00323.

Kahn, R.S., Sommer, I.E., Murray, R.M., Meyer-Lindenberg, A., Weinberger, D.R., Cannon,
T.D., O'Donovan, M., Correll, C.U., Kane, J.M., van Os, J., Insel, T.R., 2015.
Schizophrenia. Nat Rev Dis Primers 1, 15067. doi:10.1038/nrdp.2015.67.

Lappi, O., 2016. Eye movements in the wild: Oculomotor control, gaze behavior & frames
of reference. Neurosci. Biobehav. Rev. 69, 49–68. https://doi.org/10.1016/j.
neubiorev.2016.06.006.

Laumann, T.O., Snyder, A.Z., Mitra, A., Gordon, E.M., Gratton, C., Adeyemo, B., Gilmore,
A.W., Nelson, S.M., Berg, J.J., Greene, D.J., McCarthy, J.E., Tagliazucchi, E., Laufs,
H., Schlaggar, B.L., Dosenbach, N.U.F., Petersen, S.E., 2017. On the stability of BOLD
fMRI correlations. Cereb. Cortex 27, 4719–4732. https://doi.org/10.1093/cercor/
bhw265.

Luck, S.J., Gold, J.M., 2008. The construct of attention in schizophrenia., in:. Presented at
the Biological psychiatry, pp. 34–39. doi:10.1016/j.biopsych.2008.02.014.

Mackey, W.E., Winawer, J., Curtis, C.E., 2017. Visual field map clusters in human fron-
toparietal cortex. Elife 6, e22974. https://doi.org/10.7554/eLife.22974.

Mackinnon, D.P., Warsi, G., Dwyer, J.H., 1995. A simulation study of mediated effect
measures. Multivar. Behav. Res. 30, 41–62. https://doi.org/10.1207/
s15327906mbr3001_3.

Mamah, D., Barch, D.M., Repovs, G., 2013. Resting state functional connectivity of five
neural networks in bipolar disorder and schizophrenia. J. Affect. Disord. 150,
601–609. https://doi.org/10.1016/j.jad.2013.01.051.

Martinez, A., Hillyard, S.A., Bickel, S., Dias, E.C., Butler, P.D., Javitt, D.C., 2012a.
Consequences of magnocellular dysfunction on processing attended information in
schizophrenia. Cereb. Cortex 22, 1282–1293. https://doi.org/10.1093/cercor/
bhr195.

Martinez, A., Hillyard, S.A., Dias, E.C., Hagler, D.J., Butler, P.D., Guilfoyle, D.N.,
Jalbrzikowski, M., Silipo, G., Javitt, D.C., 2008. Magnocellular pathway impairment
in schizophrenia: evidence from functional magnetic resonance imaging. J. Neurosci.
28, 7492–7500. https://doi.org/10.1523/JNEUROSCI.1852-08.2008.

Martinez, A., Revheim, N., Butler, P.D., Guilfoyle, D.N., Dias, E.C., Javitt, D.C., 2012b.
Impaired magnocellular/dorsal stream activation predicts impaired reading ability in
schizophrenia. YNICL 1–30. https://doi.org/10.1016/j.nicl.2012.09.006.

Minzenberg, M.J., Laird, A.R., Thelen, S., Carter, C.S., Glahn, D.C., 2009. Meta-analysis of
41 functional neuroimaging studies of executive function in schizophrenia. Arch.
Gen. Psychiatry 66, 811–822. https://doi.org/10.1001/archgenpsychiatry.2009.91.

Murray, J.D., Anticevic, A., Gancsos, M., Ichinose, M., Corlett, P.R., Krystal, J.H., Wang,
X.-J., 2014. Linking microcircuit dysfunction to cognitive impairment: effects of
disinhibition associated with schizophrenia in a cortical working memory model.
Cereb. Cortex 24, 859–872. https://doi.org/10.1093/cercor/bhs370.

Nuechterlein, K.H., Green, M.F., Kern, R.S., Baade, L.E., Barch, D.M., Cohen, J.D., Essock,

S.C. Arkin, et al. NeuroImage: Clinical 27 (2020) 102348

9

https://doi.org/10.1016/j.nicl.2020.102348
https://doi.org/10.1016/j.nicl.2020.102348
https://doi.org/10.1523/JNEUROSCI.3620-15.2016
https://doi.org/10.1523/JNEUROSCI.3620-15.2016
https://doi.org/10.1073/pnas.1820780116
https://doi.org/10.1001/jamapsychiatry.2013.3469
https://doi.org/10.1001/jamapsychiatry.2013.3469
https://doi.org/10.1038/srep30770
https://doi.org/10.1146/annurev-neuro-060909-152823
https://doi.org/10.1146/annurev-neuro-060909-152823
https://doi.org/10.1038/nn.3423
https://doi.org/10.1038/nn.3423
https://doi.org/10.1093/brain/awl233
https://doi.org/10.1093/brain/awl233
https://doi.org/10.1001/archpsyc.62.5.495
https://doi.org/10.1001/archpsyc.62.5.495
https://doi.org/10.1016/j.neuroimage.2016.05.023
https://doi.org/10.1016/j.biopsych.2003.12.024
https://doi.org/10.1016/j.biopsych.2003.12.024
https://doi.org/10.1055/s-0034-1396005
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1016/j.neuron.2008.04.017
https://doi.org/10.1016/j.tics.2008.01.001
https://doi.org/10.1016/j.tics.2006.06.011
https://doi.org/10.1016/j.tics.2006.06.011
https://doi.org/10.1038/nature18933
https://doi.org/10.1016/j.neuroimage.2013.04.127
https://doi.org/10.1007/s11065-009-9098-x
https://doi.org/10.1093/schbul/23.3.437
https://doi.org/10.1093/schbul/23.3.437
https://doi.org/10.1016/j.neuron.2018.03.035
https://doi.org/10.1016/j.neuron.2018.03.035
https://doi.org/10.1016/j.neuron.2007.02.013
https://doi.org/10.1016/j.neuron.2007.02.013
https://doi.org/10.1146/annurev.clinpsy.032408.153502
https://doi.org/10.1146/annurev.clinpsy.032408.153502
https://doi.org/10.1176/appi.ajp.2014.13121691
https://doi.org/10.1016/j.jphysparis.2013.04.002
https://doi.org/10.3389/fpsyg.2016.00323
https://doi.org/10.1016/j.neubiorev.2016.06.006
https://doi.org/10.1016/j.neubiorev.2016.06.006
https://doi.org/10.1093/cercor/bhw265
https://doi.org/10.1093/cercor/bhw265
https://doi.org/10.7554/eLife.22974
https://doi.org/10.1207/s15327906mbr3001_3
https://doi.org/10.1207/s15327906mbr3001_3
https://doi.org/10.1016/j.jad.2013.01.051
https://doi.org/10.1093/cercor/bhr195
https://doi.org/10.1093/cercor/bhr195
https://doi.org/10.1523/JNEUROSCI.1852-08.2008
https://doi.org/10.1016/j.nicl.2012.09.006
https://doi.org/10.1001/archgenpsychiatry.2009.91
https://doi.org/10.1093/cercor/bhs370


S., Fenton, W.S., Frese, F.J., Gold, J.M., Goldberg, T., Heaton, R.K., Keefe, R.S.E.,
Kraemer, H., Mesholam-Gately, R., Seidman, L.J., Stover, E., Weinberger, D.R.,
Young, A.S., Zalcman, S., Marder, S.R., 2008. The MATRICS consensus cognitive
battery, part 1: test selection, reliability, and validity. Am. J. Psychiatry 165,
203–213. https://doi.org/10.1176/appi.ajp.2007.07010042.

Nuechterlein, K.H., Luck, S.J., Lustig, C., Sarter, M., 2009. CNTRICS final task selection:
control of attention. Schizophr. Bull. 35, 182–196. https://doi.org/10.1093/schbul/
sbn158.

Orliac, F., Delamillieure, P., Delcroix, N., Naveau, M., Brazo, P., Razafimandimby, A.,
Dollfus, S., Joliot, M., 2017. Psychiatry research: neuroimaging. Psychiatry Res.
Neuroimag. 266, 19–26. https://doi.org/10.1016/j.pscychresns.2017.04.003.

Patel, G.H., Shulman, G.L., Baker, J.T., Akbudak, E., Snyder, A.Z., Snyder, L.H., Corbetta,
M., 2010. Topographic organization of macaque area LIP. PNAS 107, 4728–4733.
https://doi.org/10.1073/pnas.0908092107.

Patel, G.H., Yang, D., Jamerson, E.C., Snyder, L.H., Corbetta, M., Ferrera, V.P., 2015.
Functional evolution of new and expanded attention networks in humans. PNAS.
https://doi.org/10.1073/pnas.1420395112.

Poppe, A.B., Barch, D.M., Carter, C.S., Gold, J.M., Ragland, J.D., Silverstein, S.M.,
MacDonald, A.W., 2016. Reduced frontoparietal activity in schizophrenia is linked to
a specific deficit in goal maintenance: a multisite functional imaging study.
Schizophr. Bull. 42, 1149–1157. https://doi.org/10.1093/schbul/sbw036.

Power, J.D., Mitra, A., Laumann, T.O., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2014.
Methods to detect, characterize, and remove motion artifact in resting state fMRI. 84,
320–341. doi:10.1016/j.neuroimage.2013.08.048.

Rose, V.L., 1997. APA practice guideline for the treatment of patients with schizophrenia.
Am. Fam. Physician.

Rubinov, M., Sporns, O., 2010. Complex network measures of brain connectivity: uses and
interpretations. 52, 1059–1069. doi:10.1016/j.neuroimage.2009.10.003.

Sheffield, J.M., Repovs, G., Harms, M.P., Carter, C.S., Gold, J.M., MacDonald, A.W.,
Daniel Ragland, J., Silverstein, S.M., Godwin, D., Barch, D.M., 2015. Fronto-parietal
and cingulo-opercular network integrity and cognition in health and schizophrenia.
Neuropsychologia 73, 82–93. https://doi.org/10.1016/j.neuropsychologia.2015.05.
006.

Shulman, G.L., Astafiev, S.V., McAvoy, M.P., d'Avossa, G., Corbetta, M., 2007. Right TPJ
deactivation during visual search: functional significance and support for a filter
hypothesis. 17, 2625–2633. doi:10.1093/cercor/bhl170.

Shulman, G.L., McAvoy, M.P., Cowan, M.C., Astafiev, S.V., Tansy, A.P., d'Avossa, G.,
Corbetta, M., 2003. Quantitative analysis of attention and detection signals during
visual search. J. Neurophysiol. 90, 3384–3397. https://doi.org/10.1152/jn.00343.
2003.

Squire, R.F., Noudoost, B., Schafer, R.J., Moore, T., 2013. Prefrontal contributions to
visual selective attention. Annu. Rev. Neurosci. 36, 451–466. https://doi.org/10.
1146/annurev-neuro-062111-150439.

Tibber, M.S., Anderson, E.J., Bobin, T., Carlin, P., Shergill, S.S., Dakin, S.C., 2015. Local
and global limits on visual processing in schizophrenia. PLoS ONE 10, e0117951.
https://doi.org/10.1371/journal.pone.0117951.

Todd, J.J., Fougnie, D., Marois, R., 2005. Visual short-term memory load suppresses
temporo-parietal junction activity and induces inattentional blindness. Psychol. Sci.
16, 965–972. https://doi.org/10.1111/j.1467-9280.2005.01645.x.

Todd, J.J., Marois, R., 2004. Capacity limit of visual short-term memory in human pos-
terior parietal cortex. Nature 428, 751–754. https://doi.org/10.1038/nature02466.

van de Ven, V., Rotarska Jagiela, A., Oertel-Knöchel, V., Linden, D.E.J., 2017. Reduced
intrinsic visual cortical connectivity is associated with impaired perceptual closure in
schizophrenia. YNICL 15, 45–52. https://doi.org/10.1016/j.nicl.2017.04.012.

Woodward, N.D., Rogers, B., Heckers, S., 2011. Functional resting-state networks are
differentially affected in schizophrenia. Schizophr. Res. 130, 86–93. https://doi.org/
10.1016/j.schres.2011.03.010.

Wynn, J.K., Jimenez, A.M., Roach, B.J., Korb, A., Lee, J., Horan, W.P., Ford, J.M., Green,
M.F., 2015. Impaired target detection in schizophrenia and the ventral attentional
network: findings from a joint event-related potential-functional MRI analysis. YNICL
9, 95–102. https://doi.org/10.1016/j.nicl.2015.07.004.

Yeo, B.T.T., Krienen, F.M., Sepulcre, J., Sabuncu, M.R., Lashkari, D., Hollinshead, M.,
Roffman, J.L., Smoller, J.W., Zollei, L., Polimeni, J.R., Fischl, B., Liu, H., Buckner,
R.L., 2011. The organization of the human cerebral cortex estimated by intrinsic
functional connectivity. J. Neurophysiol. 106, 1125–1165. https://doi.org/10.1152/
jn.00338.2011.

S.C. Arkin, et al. NeuroImage: Clinical 27 (2020) 102348

10

https://doi.org/10.1176/appi.ajp.2007.07010042
https://doi.org/10.1093/schbul/sbn158
https://doi.org/10.1093/schbul/sbn158
https://doi.org/10.1016/j.pscychresns.2017.04.003
https://doi.org/10.1073/pnas.0908092107
https://doi.org/10.1073/pnas.1420395112
https://doi.org/10.1093/schbul/sbw036
http://refhub.elsevier.com/S2213-1582(20)30185-6/h0235
http://refhub.elsevier.com/S2213-1582(20)30185-6/h0235
https://doi.org/10.1016/j.neuropsychologia.2015.05.006
https://doi.org/10.1016/j.neuropsychologia.2015.05.006
https://doi.org/10.1152/jn.00343.2003
https://doi.org/10.1152/jn.00343.2003
https://doi.org/10.1146/annurev-neuro-062111-150439
https://doi.org/10.1146/annurev-neuro-062111-150439
https://doi.org/10.1371/journal.pone.0117951
https://doi.org/10.1111/j.1467-9280.2005.01645.x
https://doi.org/10.1038/nature02466
https://doi.org/10.1016/j.nicl.2017.04.012
https://doi.org/10.1016/j.schres.2011.03.010
https://doi.org/10.1016/j.schres.2011.03.010
https://doi.org/10.1016/j.nicl.2015.07.004
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1152/jn.00338.2011

	Deficits and compensation: Attentional control cortical networks in schizophrenia
	Introduction
	Materials and methods
	Participants
	Task fMRI and resting Acquisition, and processing
	Experimental design and statistical analyses
	Task fMRI, ROI Selection, and resting state analyses
	Linear modeling of relationship between Task, Connectivity, and behavioral measures
	Multiple comparisons correction


	Results
	Demographics and behavior
	Task fMRI results
	Resting state functional connectivity results
	Task deactivation of the ventral attention network and detection rate
	Predicting detection rate in SzP

	Discussion
	Evidence of visual cortex anomalies
	Significance of brain-behavior associations
	Limitations
	Future directions

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Supplementary data
	References




