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a b s t r a c t
Introduction: There is mounting evidence that visual perception abnormalities in schizophrenia are partly
explained by a dysfunction of the lateral occipital complex (LO). We previously demonstrated that
schizophrenia patients had broader topography and reduced magnitude of activity of LO. However, the
functional connectivity of LO with other brain regions during visual perception has not been directly
investigated in schizophrenia.
Materials and methods: Eighteen patients with schizophrenia and eighteen matched controls performed a
backward masking task during functional magnetic resonance imaging (fMRI). Stimulus onset asynchronies
were manipulated to change the level of target visibility. To examine connectivity with LO function we
conducted psychophysiological interactions (PPI) analyses using: 1) a region of interest (ROI) approach and 2)
a whole brain analysis. ROIs were deﬁned based on a contrast of trials on which a target was presented versus
null trials in which no stimuli were presented.
Results: Eleven ROIs were identiﬁed. Both groups showed similar strength of coupling between LO and the 11
ROIs when visibility was not taken into account. Healthy controls showed clear changes in coupling between
LO and prefrontal and parietal regions as a function of target visibility (higher coupling with more visible
targets). In comparison, patients showed reduced dynamic coupling with LO in the right superior frontal gyrus
(signiﬁcant after correcting for multiple comparisons) and a trend for reduced coupling in the left precuneus
and left inferior frontal regions. Whole brain analysis identiﬁed additional regions that showed dynamic
coupling with LO in healthy controls, but not in patients.
Discussion: The increased coupling between LO and higher-level parietal and prefrontal regions during
visual awareness in healthy controls likely reﬂects visual reentrant processing. The lack of modulation of
coupling between LO and key prefrontal and parietal regions found in schizophrenia may partly reﬂect
abnormalities in LO tuning. The altered LO coupling may contribute to visual perception abnormalities in
schizophrenia.
© 2010 Elsevier Inc. All rights reserved.

Introduction
Schizophrenia is associated with impairment on a wide range of
visual perception tasks, including object recognition, grouping,
perceptual closure, face processing, and reading (Butler et al., 2008).
These visual perception impairments have been reliably linked to
poor functional outcome in patients, through key mediating variables
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(Butler and Javitt, 2005; Sergi et al., 2006). There is suggestive
evidence that visual perception abnormalities in schizophrenia are
partly explained by a dysfunction of the lateral occipital complex (LO)
(Doniger et al., 2002; Foxe et al., 2005; Green et al., 2009; Wynn et al.,
2008). LO is a mid-stage visual processing area that plays a central role
in object recognition (Green et al., 2005; Grill-Spector, 2003; GrillSpector et al., 2001; Kourtzi and Kanwisher, 2000).
LO dysfunction in schizophrenia has been explored with both EEG
and neuroimaging approaches. For example, some studies examined
an event-related potential, closure negativity (Ncl), that is associated
with object recognition and distributed over the lateral occipital scalp
regions. These studies demonstrated that Ncl differs in both magnitude
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(Doniger et al., 2002) and pattern (Foxe et al., 2005) in patients with
schizophrenia, providing indirect but consistent support for LO
abnormalities in schizophrenia. Recent functional magnetic resonance
imaging (fMRI) studies from our group explored both the topography
and magnitude of LO activity in schizophrenia (Green et al., 2009;
Wynn et al., 2008). One study used a visual localizer task for LO (i.e.
abstract objects vs. scrambled images) and found that schizophrenia
patients activated a signiﬁcantly larger area in LO compared with
normal controls (Wynn et al., 2008). In contrast, the groups did not
differ on localizers for retinotopy, or motion detection. This widespread topography could be due to reduced specialization of the
neurons within LO. Another study examined LO activation in
schizophrenia using a visual backward masking paradigm. In visual
masking, the visibility of a target is disrupted by a visual mask that is
presented shortly before or after the target. Although both patients
with schizophrenia and healthy subjects showed increased LO
activation as the masking effect became weaker, patients showed
relatively lower magnitude of activity in LO (Green et al., 2009). We
proposed that patients’ blunted LO response during visual masking
may be a neural basis for abnormalities in visual processing.
While activity in visual areas like LO is necessary for object
recognition, awareness of an object requires additional contributions
from higher cortical areas (Crick and Koch, 1995; Haynes et al., 2005;
Rees, 2007). Higher-level visual areas and parietal and prefrontal
cortex are involved with conscious detection of visual stimuli
(Dehaene et al., 2001; Green et al., 2005; Grill-Spector et al., 2000;
Haynes et al., 2005). Other brain regions have reciprocal connections
to LO that may enhance the visual representation through attentional
or reentrant processes. The investigation of LO connectivity relates
well to current theories of the pathophysiology and altered connectivity in schizophrenia. It has been suggested that schizophrenia is not
caused by focal brain abnormalities, but results from pathological
interactions among brain regions (Friston, 1998). These disconnection
theories propose that that core pathology of schizophrenia is an
impaired neuromodulation of synaptic plasticity, leading to abnormal
functional integration of neural systems (Friston, 1998; Stephan et al.,
2009). Hence, it appears likely that the visual perception abnormalities in schizophrenia do not originate solely from the LO dysfunction,
but also from altered coupling between LO and other higher-level
visual and attentional brain regions.
The current study extends our previous studies of LO dysfunction in schizophrenia by focusing on its functional connectivity. We
examine the functional connectivity of LO using the fMRI data from
our visual masking paradigm. Visual masking provides signiﬁcant
advantages for the investigating LO dysfunction because: (1) it
allows for parametric modulation of target/object visibility, and (2)
LO shows strong sensitivity to masking effects. Speciﬁcally, we
tested the degree to which schizophrenia patients and normal
controls showed changes in the strength of LO connectivity as a
function of target visibility. The psychophysiological interaction
(PPI) analytic approach is well suited to address this type of
question. PPI analysis starts with a particular region of interest, in
this case functionally-deﬁned LO. It then examines connectivity
with this region and whether connectivity changes with cognitive
or perceptual task demands (i.e., the degree of masking of a visual
target) (Friston et al., 1997). Changes in functional connectivity are
also called dynamic coupling in the context of perceptual processing
(Haynes et al., 2005).
We hypothesized that healthy controls would show increased
coupling between LO and other higher-level brain regions with
increasing intervals between target and mask (i.e., greater coupling
with LO as the target becomes more visible). In contrast, we
hypothesized that patients would show altered dynamic coupling
with LO as a function of target visibility. We examined this hypothesis
in two ways: ﬁrst using a region of interest (ROI) approach, and then
with a whole brain or voxel-level analysis.

Materials and methods
Participants
Eighteen patients with schizophrenia and 18 healthy controls
were recruited from a larger NIMH study of early visual processing in
schizophrenia (PI: MFG). Subjects had normal or corrected to normal
vision. Schizophrenia patients were 18–60 years of age and recruited
from outpatient clinics at the VA Greater Los Angeles Healthcare
System (VAGLAHS) and through local board and care facilities.
Patients were clinically stable and received the Structural Clinical
Interview for DSV-IV Axis I Disorders (SCID) (First et al., 1997) to
conﬁrm diagnosis of schizophrenia. We assessed clinical symptoms
using the expanded Brief Psychiatric Rating Scale (BPRS) (Ventura
et al., 1993) and examined the BPRS total score, as well as BPRS mean
subscales for positive symptoms (thinking disturbance factor) and
negative symptoms (withdrawal-retardation factor). All of the
patients were medicated (1—conventional antipsychotic, 16 single
second-generation, and 2—two second-generation antipsychotic
medications). Exclusion criteria for patients included (1) substance
abuse or dependence in the last 6 months, (2) mental retardation, (3)
history of loss of consciousness N 1 h, (4) identiﬁable neurological
disorder, and (5) not sufﬁciently ﬂuent in English. Normal control
participants were recruited through ﬂyers posted in the local
community, newspaper advertisements, and website postings. Exclusion criteria for control participants included (1) history of schizophrenia or other psychotic disorder, bipolar disorder, recurrent
depression, history of substance dependence, or any substance
abuse in the last 6 months based on the SCID (First et al., 1997), (2)
avoidant, paranoid, schizoid, schizotypal, or borderline personality
disorders based on the SCID for Axis II disorders (First et al., 1996), (3)
schizophrenia or other psychotic disorder in a ﬁrst-degree relative,
(4) signiﬁcant neurological disorder or head injury, and (5) not
sufﬁciently ﬂuent in English.
SCID interviewers were trained to a minimum kappa of 0.75 for
key psychotic and mood items through the Treatment Unit of the
Desert Paciﬁc Mental Illness Research, Education, and Clinical Center.
Participants were evaluated for the capacity to give informed consent
and provided written informed consent after all procedures were fully
explained, according to procedures approved by the institutional
review boards at UCLA and VAGLAHS.
Design and procedure
We examined LO connectivity with PPI according to two
approaches: 1) a focused ROI approach and 2) an exploratory whole
brain analysis. Both approaches required the initial identiﬁcation of
functional LO using a specialized LO localizer task. For the ROI
approach, we focused on a set of regions that responded to targets,
regardless of visibility by contrasting between trials in which a target
was presented versus null trials in which no stimuli were presented.
These ROIs were then subjected to PPI analyses to examine their
coupling with LO. To determine whether other brain regions outside
the ROIs were involved in LO connectivity, we conducted an
exploratory whole-brain analysis in which we examined the entire
brain for regions that showed dynamic coupling with LO as a function
of target visibility.
Tasks in the scanner
All subjects completed 6 runs of the visual backward masking task
followed by 3 localizer tasks (LO, retinotopic areas, and the human
motion selective cortex—hMT+) in the scanner. Of these localizers,
the one for LO is relevant for the current connectivity analyses. The
entire scanning session lasted 60 min. The backward masking task was
presented using E-prime software (Psychology Software Tools,
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each block containing 10 images presented to a total of 12.5 s (GrillSpector and Malach, 2004; Malach et al., 1995).
fMRI data acquisition
Scanning was conducted on a 3-T scanner (Siemens Allegra,
Germany) in the UCLA Ahmanson-Lovelace Brain Mapping Center.
For anatomical reference, a high-resolution, echo planar, axial, T2weighted series was obtained for each subject prior to functional
scanning (repetition time = 6000 ms, echo time = 54 ms, ﬂip
angle = 90°, 30 axial slices, ﬁeld of view = 20 cm). A T2*-weighted
gradient-echo sequence was used to detect blood-oxygen leveldependent (BOLD) signal (repetition time = 2000 ms, echo
time = 42 ms, ﬂip angle = 80°, voxel size of 3.125 × 3.125 × 4.00 mm
with a 1-mm gap), acquiring 24 slices parallel to the anterior
commissure-posterior commissure plane.
fMRI initial data analysis
Fig. 1. Schematic diagram of a single trial in a visual backward masking task.

Pittsburgh, PA) and the localizer tasks were presented using MATLAB
(The Mathworks, Natick, MA). All tasks were presented with MRcompatible LCD goggles (Resonance Technology, Northridge, CA). The
experimental procedures are described elsewhere (Green et al., 2009).
For the visual backward masking task, we employed a rapid eventrelated design and the trials were presented in a permuted block
design to maximize both hemodynamic response function (HRF)
estimation and signal detection power (Deneux and Faugeras, 2006;
Liu, 2004; Liu and Frank, 2004). The target was a square with a gap on
1 of 3 sides (up, down, or left) that appeared at the center of the
screen. The mask was a composite square made up to 4 smaller
squares, overlapping the area occupied by the target. The target
subtended 5.7° and the mask 10.2° of visual angle. The beginning of
each trial was signaled by two 100 ms ﬂashes of a ﬁxation point,
followed by a 600-ms blank period (Fig. 1). Then, a target was
presented for 26.6 ms, followed by a 53.3-ms mask at 1 of 4 possible
stimulus onset asynchronies (SOAs): 26.6, 40, 80, 200 ms. Participants
were instructed to identify the location of a gap in the target (up,
bottom, or left) by pressing a corresponding button with their
dominant hand. The backward masking tasks consisted of 6 runs, each
with 30 5-second trials (i.e. 6 trials for each of the 4 SOAs and 6 null
trials that included ﬁxation but no stimuli for the total duration of the
trial). There were very slight variations in the inter-trial interval
depending on the duration of the SOA in the preceding trial.
After the visual masking task, participants performed the LO
localizer (described elsewhere (Wynn et al., 2008)). Brieﬂy, the LO
localizer task consisted of alternating blocked presentations of
pictures of abstract objects and scrambled pictures of objects, with

Data were analyzed using Statistical Parametric Mapping software
SPM8 (Wellcome Department of Imaging Neuroscience, UK). For
preprocessing, images were time-corrected to account for differences
in sampling times for different slices, realigned to the ﬁrst volume to
correct for inter-scan movement, spatially normalized to the Montreal
Neurological Institute (MNI) space (normalized voxel size:
2 mm × 2 mm × 2 mm) and smoothed with an 6-mm full-width halfmaximum (FWHM) Gaussian kernel (Ashburner and Friston, 1997).
Low-frequency temporal drifts were removed by applying a high-pass
ﬁlter. Data were analyzed by the general linear model, in which
individual events were modeled by a canonical HRF.
Connectivity analyses
To identify a set of brain regions that showed a signiﬁcant
involvement during visual backward masking task (regardless of
target visibility), we ran a random-effect group analysis that included
all 36 subjects (patients and controls) for all SOAs (26.6, 40, 80, and
200 ms) versus the null condition. Analyzing the data in this manner
does not create a bias toward ﬁnding an effect of SOA (changes with
increasing visibility) and does not bias toward ﬁnding group
differences (because groups are initially combined). The statistical
threshold was set at P b 0.05, corrected for multiple comparisons.
Eleven distinct clusters of activation were identiﬁed and ROIs were
created from these clusters using MRIcron software (Rorden and
Brett, 2000) (Table 1).
Functional LO was deﬁned as the region with a signiﬁcant
activation for the contrast between the abstract objects and scrambled
pictures. An individual activation map was thresholded at p b 0.005,
uncorrected, to ensure that LO activation would be observed for every

Table 1
Regions-of-interest selected for the ROI-approach.
ROI

Size

Hemisphere

MNI coordinates

Brain regions included in ROI

Inf parietal
Lingual 1
Lingual 2
Precuneus
Insula
Thalamus
Inf frontal
Sup parietal
Middle frontal
Sup frontal
Medial frontal

5115
1421
56
52
356
303
149
2062
223
31
106

Left
Left
Left
Left
Left
Left
Left
Right
Right
Right
Right/Left

x = −42, y = −30, z = 44
x = −4, y = −80, z = −12
x = −14, y = −78, z = 4
x = −22, y = −66, z = 36
x = −44, y = 2, z = −4
x = −16, y = −18, z = 10
x = −52, y = 8, z = 28
x = 14, y = −64, z = 64
x = 34, y = −4, z = 64
x = 44, y = 38, z = 30
x = 0, y = −6, z = 54

Inf and Sup parietal gyri (BA 7 and 40)
Lingual gyrus (BA 18), Cerebellum
Lingual gyrus (BA 18)
Precuneus (BA 7)
Insula (BA 13)
Thalamus
Inf frontal (BA 9)
Inf and Sup parietal gyri (BA 7 and 40)
Middle frontal gyrus (BA 6)
Sup frontal gyrus (BA 9)
Medial frontal gyrus (BA 6)

Abbreviation: ROI, Region-of-interest; BA, Brodmann's Area. The name of each ROI was determined by the localization of the peak voxel. The size of each ROI is represented by the
number of voxels. MNI coordinates represent the peak voxel of each ROI. ROIs were selected from the contrast between all SOAs versus the null condition for all 36 participants.

1222

P.-O. Harvey et al. / NeuroImage 55 (2011) 1219–1226

Table 2
Demographic data, clinical data and behavioral performance on visual masking task.

Demographic
characteristics
Age (years)
Education (years)
Gender (M / F)
BPRSa—total
BPRS—positiveb
BPRS—negativeb
Years of illness
No. of hospitalizations
Backward masking
task (Accuracy, %)
SOA1
SOA2
SOA3
SOA4

SZ patients
(N = 18)

Healthy controls
(N = 18)

Analysis

36.8 ± 10.5
13.8 ± 1.6
14 / 4
36.6 ± 8.5
2.0 ± 0.9
1.4 ± 1.0
12.5 ± 8.0
6.2 ± 6.1

42.4 ± 9.1
12.9 ± 0.8
13 / 5

t = 1.70 df = 34 p = 0.10
t = -1.95 df = 34 p = 0.06
χ2 = 0.15 df = 1 p = 0.70

0.33 ± 0.08
0.38 ± 0.10
0.70 ± 0.16
0.94 ± 0.07

0.33 ± 0.06
0.40 ± 0.09
0.77 ± 0.20
0.93 ± 0.09

The mean performance (% accuracy) of patients and controls is shown for the four
stimulus onset asynchronies (SOAs). Chance performance is 0.33.
a
BPRS = Brief Psychiatric Rating Scale.
b
Mean score of each BPRS subscale was calculated by dividing the total score by the
number of items included in the subscale.

subject. Any activated areas outside the inferior temporal lobe and
occipital lobe were removed based on previous published ﬁndings
with similar activation (Malach et al., 1995; Tootell et al., 1995).
Fourteen healthy controls and 13 schizophrenia patients showed
bilateral functional LO activation, 3 healthy controls and 3 patients
showed LO activation in the right hemisphere only, and 1 healthy
control and 2 patients showed LO activation in the left hemisphere
only. We included all subjects, including those showing unilateral LO
activation, in the connectivity analyses. Each individual LO ROI was
created using MRIcron software (Rorden and Brett, 2000).
PPI analysis
We conducted a PPI analysis to estimate dynamic coupling
between LO and the rest of the brain during conditions of high versus
low target visibility. Based on the performance data we combined
conditions SOA1 and SOA2 (low target visibility condition) and
combined conditions SOA3 and SOA4 (high target visibility condition). PPI analysis consists of a design matrix with three regressors:

(1) “psychological regressor”, i.e. SOAs 3–4 versus SOAs 1–2, (2)
“physiological regressor”, determined by the neural response in LO,
and (3) interaction term of (1) and (2) (referred to as the “PPI
regressor”). The PPI regressor refers to brain areas that show a greater
functional connectivity with LO during high target visibility (i.e. SOAs
3–4) contrasted with low target visibility (i.e. SOAs 1–2).
The psychological regressor was determined by coding the change
in target visibility (−1 for SOA1, −1 for SOA2, 1 for SOA3, 1 for SOA 4,
0 for null) convolved with the HRF. The physiological regressor was
derived from individual time series for LO activation during the
backward masking task by extracting the ﬁrst principal component
from all raw voxel time series in the LO ROI. These time series were
mean-corrected and high-pass ﬁltered to remove low-frequency
signal drifts. SPM automatically deconvolved the HRF from the time
series to provide a neuronal time series. The physiological regressor
was then multiplied with the psychological regressor to obtain the PPI
regressor. A PPI analysis was then carried out for each subject
involving the creation of a design matrix with the three regressors.
For the ROI-approach, the mean contrast estimates (beta weights)
of the PPI regressor were extracted from each of the 11 ROIs for each
subject. A repeated measures analysis of variance (ANOVA) was then
conducted, with ROI as a within-subject factor, diagnosis as a
between-group factor, and functionally-deﬁned LO size (in voxels)
as a covariate. For the whole-brain analysis, individual contrast
images were used to perform random effects analyses of the PPI
pattern within each group (using one-sample t-tests). As an
exploratory analysis, we also compared the two groups at the
whole-brain level using a two-sample t-test. The statistical threshold
was set at p b 0.05, FDR-corrected at the cluster-level.
Results
Demographic and performance data
Table 2 shows demographic, clinical, and performance data for
both groups. There were no signiﬁcant differences in age, education,
and gender. A repeated-measures ANOVA yielded a signiﬁcant effect
of SOA (F3,102 = 377.67, p b 0.001). Neither the main effect of group
(F1,34 = 0.39, p = 0.54) nor the group × SOA interaction (F3,102 = 1.34,
p = 0.27) was signiﬁcant. Both schizophrenia patients and normal
controls showed improved performance as SOAs increased (i.e. the
masking became weaker).

Fig. 2. Functional connectivity between LO and selected ROIs during visual masking task in healthy controls and schizophrenia patients. a The beta weight of the PPI regressor is an
index of the change in functional connectivity between LO and ROI as a function of target visibility. Positive beta weight suggests a greater connectivity between LO and ROI during
high versus low target visibility. Inversely, negative weights suggest greater connectivity between LO and ROI during low versus high target visibility. b Group differences were found
for the left precuneus, left inferior Frontal, and right superior Frontal ROIs (all analyses p b .05 uncorrected for multiple comparisons). After applying a conservative Bonferroni
correction for multiple comparisons, only the right superior frontal ROI remained signiﬁcant (p = .033 following correction).
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Fig. 3. Strength of connectivity (beta weight) between LO and the three signiﬁcant ROIs for each group and for each target visibility condition (low target visibility = SOAs 1–2; high
target visibility = SOAs 3–4).

Functional LO ROI
The mean size of the functionally-deﬁned LO was 460 voxels
(SD = 442, range 31–1720 voxels), for healthy controls and 865
voxels (SD = 578, range 59–1948 voxels) for patients. Schizophrenia
patients activated a signiﬁcantly larger area in LO compared with
healthy controls (t = −2.36, df = 34, p = 0.02) (Wynn et al., 2008).
ROI-approach
Before examining changes in coupling with LO in patients and
controls, we examined whether patients showed generally reduced
coupling with LO, regardless of visibility. We did this using the
physiological regressor from the PPI analysis for the ROIs. Beta
weights of the physiological regressor were extracted from each of the
11 ROIs for each subject. A repeated-measures ANOVA was conducted,
with ROI as a within-subject factor, diagnosis as a between-group
factor, and functionally-deﬁned LO size (in voxels) as a covariate. This
analysis revealed a signiﬁcant main effect of ROI (F10,330 = 2.30,
p = 0.01), suggesting that the strength of coupling with LO varied
across ROI. Neither the main effect of group (F1,33 = 2.90, p = 0.18)
nor the group × ROI interaction (F10,330 = 0.96, p = 0.48) was significant. Hence, both groups showed similar strength of coupling
between LO and the ROIs when the change in target visibility was
not taken into account.
Next we examined changes in coupling with LO as a function of
target visibility. The repeated-measures ANOVA showed a signiﬁcant
group× ROI interaction (F10,330 = 2.38, p = 0.01). The main effect of ROI
was not signiﬁcant (F10,330 =1.14, p = 0.33), and a non-signiﬁcant
trend was found for the main effect of group (F1,33 = 3.28, p = 0.08). To
better understand the signiﬁcant group by ROI interaction, we
conducted an exploratory multivariate ANOVA, with the 11 ROIs as

dependent variables, group as the ﬁxed factor, and functionally-deﬁned
LO size as a covariate. The analysis revealed that patients showed
altered dynamic coupling with LO in left precuneus, left inferior frontal
gyrus, and right superior frontal gyrus (all analyses p b .05 uncorrected
for multiple comparisons). After applying a conservative Bonferroni
correction for multiple comparisons, only the right superior frontal ROI
remained signiﬁcant (p= .033 following correction). Fig. 2 shows the
connectivity results for each group and each ROI. To illustrate the
nature of group differences in these three ROIs, we graphed beta
weights (index of the strength of coupling with LO) separately by
group and by high versus low target visibility (see Fig. 3).
Whole-brain approach
With the whole-brain approach, several brain regions in healthy
controls showed changes in coupling with LO as a function of high
versus low target visibility, including the left postcentral gyrus, right
inferior parietal gyrus, left precentral gyrus, right inferior frontal, left
precuneus, and right putamen (see supplemental Table and Figure).
However, in patients no brain region yielded signiﬁcant changes in
coupling with LO as a function of target visibility. Finally we directly
compared the groups on dynamic coupling, and found no signiﬁcant
differences.
Discussion
LO is a mid-stage visual processing region that is crucial for target/
object awareness and recognition (Green et al., 2005; Grill-Spector,
2003; Grill-Spector et al., 2001; Kourtzi and Kanwisher, 2000). Here
we examined dynamic coupling between LO and other brain regions
involved in visual and attentional processing during visual masking in
schizophrenia patients and matched controls. Speciﬁcally, we used
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the PPI method with both ROI and whole-brain approaches to
evaluate changes in the strength of coupling with LO as a function
of target visibility. The ROI approach revealed group differences:
patients showed altered dynamic coupling with LO as a function of
target visibility in the superior frontal gyrus (signiﬁcant following
correction for multiple comparisons) and trends for left precuneus
and left inferior frontal gyrus. Notably, we did not ﬁnd generally
reduced coupling with LO. The whole-brain approach showed
signiﬁcant changes in LO connectivity with target visibility in several
parietal and frontal regions for healthy controls, but no regions for
patients.
Consistent with the current ﬁndings, a separate study of healthy
adults used backward masking to measure dynamic changes in
coupling between brain areas as a function of visibility (Haynes et al.,
2005). It reported lower visibility was associated with reduced
coupling between primary visual cortex (V1) and the fusiform
gyrus, and suggested that awareness of a target is associated with
coupling between different levels of visual processing. Our ﬁndings in
healthy controls are consistent with this interpretation because the
controls showed increased coupling between LO and parietal and
prefrontal regions when the target was visible. Several studies over
the last decade have supported the role of prefrontal and parietal
regions during visual perception (Kouider and Dehaene, 2007; Rees,
2007). Notably, the activity of these higher-level areas is not solely
linked to the motor response of subjects reporting their visual
experience (Rees, 2007). However, their precise functional role in
visual perception still needs to be clariﬁed. One possible explanation is
that LO coupling with higher-level cortical regions reﬂects feedback
signals to visual areas that are referred to as reentrant processing. This
type of processing differs from feed-forward processing, a unidirectional processing of information from lower to higher levels in the
brain. Visual masking can arise from either feed-forward or reentrant
processes and recent evidence suggests that backward masking arises
mainly from reentrant processes (Breitmeyer and Ogmen, 2000;
Fahrenfort et al., 2007). Future studies should use additional
connectivity methods that allow inferences about directionality,
such as dynamic causal modeling, to conﬁrm whether the altered
coupling in schizophrenia reﬂects feed-forward or reentrant processing abnormalities.
Our ﬁnding of altered dynamic coupling in patients is consistent with
disconnection theories that posit schizophrenia arises from dysfunctional integration of one or more large-scale distributed brain networks
(Calhoun et al., 2009; Camchong et al., 2009; Friston, 1998; Stephan
et al., 2009). Reduced functional connectivity has been observed in
schizophrenia between the occipital, parietal and frontal areas
(Henseler et al., 2010). We do not know if the altered coupling we
observed is linked to disrupted anatomical connectivity in schizophrenia. This hypothesis can be directly tested by combining masking
procedures with techniques such as diffusion tensor imaging that can
map white matter tracts (Camchong et al., 2009; Greicius et al., 2009).
The schizophrenia and control groups did not differ in overall coupling
with LO, suggesting that any abnormalities in white matter ﬁbers
between LO and the key ROIs, if they exist, are likely to be subtle.
Why might schizophrenia patients show altered dynamic coupling
during visual perception? The three ROIs that showed altered
coupling with LO in schizophrenia have several functions. The
precuneus has been implicated in episodic memory retrieval, self
processing, consciousness, and visuo-spatial information processing,
including preparation of spatially guided behaviors (Cavanna and
Trimble, 2006). The inferior and superior frontal gyri (i.e. mainly
dorsolateral prefrontal cortex / BA 9) have a role in executive
functions, attention regulation, and motor planning (Alvarez and
Emory, 2006; Robertson et al., 2001). The impaired coupling between
LO and these three regions could be due to a problem with higherlevel top down processes, or due to intrinsic abnormalities in LO.
However, the current study is not able to distinguish between these

two possibilities. It should be reminded that two of the ROIs, the left
precuneus and left inferior frontal, did not survive a Bonferroni
correction for multiple comparisons. Hence, additional studies will be
required to conﬁrm the altered coupling of these two ROIs with LO in
schizophrenia patients.
For our connectivity analyses we decided to include participants
with bilateral functional LO (27 participants) as well as participants
with unilateral functional LO (9 participants). One might wonder
whether our connectivity results would have been different if we had
analyzed the left and right LO separately. Hence, we conducted posthoc analyses for the left and right LO. Speciﬁcally, we evaluated group
differences in coupling with each of the 3 ROIs that showed group
differences for the main analysis. For left LO, results were fairly similar
to the main analysis, with patients showing signiﬁcantly altered
coupling with the left precuneus (p = 0.003), and at trend level for the
left inferior frontal (p = 0.12) and right superior frontal (p = 0.06).
For the right LO, patients showed signiﬁcantly altered coupling only
with the right superior frontal only (p = 0.04). The other two ROIs
were not signiﬁcant (left precuneus—p = 0.57; left inferior frontal—
p = 0.25). These post-hoc analyses suggest that the signiﬁcant effects
observed in two of the ROIs (left precuneus and left inferior frontal)
were mainly due to the inﬂuence of the left LO. However, the other
ROI (right superior frontal) was signiﬁcant likely because of the
inﬂuence of both left and right LO.
The groups did not differ in their performance during the visual
masking task. At ﬁrst glance, this appears to be inconsistent with
performance data from many previous studies (Butler et al., 2003;
Cadenhead et al., 1998; Green et al., 2003; McClure, 2001). The
methods we have used in our published performance studies were
optimized to show group differences. The target stimuli are small
(0.24° of visual angle) and are shown at visual threshold so that all of
the subjects are equated for initial sensory input. In contrast, the
masking methods in the present report were optimized to elicit
regional brain activity in the scanner. Stimuli were large
(target = 5.7°, mask = 10.2°), dark with high contrast, and well
above threshold for identiﬁcation. Hence, the target in this fMRI
study was about 24 times as large as in our performance laboratory
studies. Although the absence of performance differences is unusual
in the context of the masking literature, it provides an interpretive
advantage in that performance level is not confound in considering
group differences in regional brain activity and coupling. It remains
possible that the lack of signiﬁcant performance difference indicates
that the patients in this study are atypical. As described in our
previous paper (Green et al., 2009), we examine this possibility by
evaluating data from a subset of patients (n = 10) and controls
(n = 17) who were also examined on visual masking performance out
of the scanner. The between-group effect sizes for these subjects were
highly consistent with what is found in other studies. Hence, we do
not consider the patient sample to be unusual in this regard.
We also made the methodological decision of using the same
psychological regressor for all subjects (i.e. coding SOAs 1 and 2 as a
low visibility; SOAs 3 and 4 as a high visibility). This choice was based
on the mean performance data from both groups. We cross-checked
this cut-off to see whether many subjects would not ﬁt this
performance pattern—we calculated for each subject the difference
in performance between high and low visibility (i.e. mean accuracy
for SOAs 3–4 minus SOAs 1–2). The range of difference scores for
patients (0.31 to 0.56) and controls (0.31 to 0.66) indicated that,
although subjects differed somewhat in their performance across
SOAs, this general psychological regressor was a very good approximation of the change in target visibility for these two samples.
All patients were on antipsychotic medications at the time of the
scan. The real impact of medication on our connectivity results is not
easy to evaluate. It is possible that antipsychotics that block dopamine
receptors have contributed to the altered coupling of LO during visual
perception in schizophrenia. However, there is evidence that
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antipsychotic medications tend to normalize functional connectivity
in schizophrenia patients (Stephan et al., 2001). Moreover, masking
deﬁcits have been reported in unmedicated patients (Green et al.,
1999). It suggests that the masking impairment in schizophrenia, and
its neural correlates, are unlikely to be explained by medication.
One can speculate on the meaning of these results for previously
reported ﬁndings of blunted LO response and increased LO topography in schizophrenia (Green et al., 2009; Wynn et al., 2008). The
blunted response may create a situation in which coupling with LO
cannot be established because it requires a certain threshold in
activation that is not achieved. However, the beta weights in Fig. 3 are
not consistent with this suggestion; patients showed a lack of change
in coupling across visibility conditions, not a general reduction of LO
connectivity. The widespread topography of LO in schizophrenia
could possibly be explained by less specialization of cortex or
compensatory activation within LO. It may be that neurons in LO are
less specialized, so more of them respond regardless of object
visibility. Such a suggestion would be consistent with an abnormality
in “tuning” of LO. That is, LO in patients may be less efﬁcient at
distinguishing between visual targets and visual noise (i.e. impaired
ﬁltering of relevant vs. non-relevant information from the visual
environment) leading to a general lack of modulation of coupling as a
function of visibility. In fact, patients showed relatively high coupling
between LO and the three ROIs during low target visibility. Possibly
due to better LO tuning, healthy controls could more easily reduce
coupling between LO and the higher-level areas when targets are not
perceived, and increase coupling when targets are detected. Conversely, impaired LO tuning and associated reduced dynamic changes
in coupling as a function of visibility might be the basis of visual
processing abnormalities in schizophrenia patients.
The suggestion that altered modulation of connectivity is linked to
an abnormality in LO tuning connects well to current theories of GABA
function. There is compelling support for GABA abnormalities in
schizophrenia, particularly interneurons that express the calciumbinding protein parvalbumin (Lewis et al., 2005). The GABA interneuron abnormalities in schizophrenia occur across the cortex, including
the primary visual area (Hashimoto et al., 2008), and they lead to
speciﬁc predictions for visual processing. A recent MR spectroscopy
study showed a reduction in GABA concentration in visual cortex in
schizophrenia (Yoon et al., 2010). A key role for GABA in the visual
system is to aid the tuning of individual neurons, and the importance of
GABA for tuning likely increases as one moves up the processing
hierarchy from V1 to LO (Kritzer et al., 1992). Tuning in this context
refers to the graded pattern of selectivity for speciﬁc visual features
that is shown by neurons in visual cortex. In the monkey, when a
GABAA receptor antagonist is applied to neurons in the comparable
object-selective region, they lose tuning and respond to objects that do
not elicit a response before or after the drug administration (Wang et
al., 2000). The fact that patients maintain high coupling even when a
target is not visible may reﬂect an abnormality in LO tuning, which in
turn, could stem from GABA dysfunctions.
This study suggests that visual perception abnormalities in
schizophrenia may involve an altered modulation of coupling
between LO and higher-level visual and attentional brain regions.
Additional neuroimaging studies with more specialized procedures
will shed light on potential LO tuning abnormalities in schizophrenia,
and their possible link to altered functional connectivity. One
promising line of future inquiry will be to use the pattern-based
decoding approaches (i.e. multi-voxel pattern analysis) and MR
adaptation paradigms to further probe neural tuning in LO.
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