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Abstract
Schizophrenia has been linked to impaired performance on a range of visual processing

tasks (e.g. detection of coherent motion and contour detection). It has been proposed that

this is due to a general inability to integrate visual information at a global level. To test this

theory, we assessed the performance of people with schizophrenia on a battery of tasks de-

signed to probe voluntary averaging in different visual domains. Twenty-three outpatients

with schizophrenia (mean age: 40±8 years; 3 female) and 20 age-matched control partici-

pants (mean age 39±9 years; 3 female) performed a motion coherence task and three

equivalent noise (averaging) tasks, the latter allowing independent quantification of local
and global limits on visual processing of motion, orientation and size. All performance mea-

sures were indistinguishable between the two groups (ps>0.05, one-way ANCOVAs), with

one exception: participants with schizophrenia pooled fewer estimates of local orientation

than controls when estimating average orientation (p = 0.01, one-way ANCOVA). These

data do not support the notion of a generalised visual integration deficit in schizophrenia. In-

stead, they suggest that distinct visual dimensions are differentially affected in schizophre-

nia, with a specific impairment in the integration of visual orientation information.

Introduction
Schizophrenia (SZ) is a mental disorder characterised by cognitive, affective and perceptual
symptoms including anomalous visual processing (see [1] for a review). Thus, people with SZ
perform differently from unaffected controls on a range of visual tasks, from simple texture dis-
crimination in the presence of a suppressive surround [2–4], to more complex ‘high-level’ pro-
cesses such as face perception [5,6] and the detection of biological motion [7]. One hypothesis
that attempts to link these seemingly disparate findings is that SZ is characterised by a relative
inability to integrate (or bind) visual information at a global level [8], such that perception is
fragmented [9]. Consistent with this theory, observers with SZ typically perform poorly on
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tasks in which local features must be integrated to reveal global form [10,11] or global motion
[12,13]. For example, participants with SZ are less accurate than controls at indicating the loca-
tion of a contour composed of a chain of discrete oriented elements (Gabors) embedded in an
array of randomly oriented distracters (a contour detection paradigm) [14–18]. Similarly, par-
ticipants with SZ require a higher percentage of dots to be drifting in the same direction for the
predominant (global) direction of motion to be reported in a random-dot stimulus (amotion
coherence paradigm) [13,19–21].

Participants with SZ also exhibit a number of visuoperceptual abnormalities that are not so
readily reconciled with impaired perceptual integration, e.g. reduced contrast sensitivity
[22,23] and impaired velocity discrimination [24–29]. Further, performance on ‘global integra-
tion’ tasks traditionally used in studies of SZ may not be limited solely by the participant’s abili-
ty to integrate information. For example, performance on motion coherence tasks may also be
limited by noisy (i.e. imprecise) encoding of local directions, or an inability to exclude noise
[30,31]; impaired processing of faces and biological motion in SZ has recently been linked to
deficits in the encoding of local stimulus features [32,33]; and elevated contour detection
thresholds in SZ may also be limited by imprecise encoding of individual orientations [34] or
abnormal contextual effects operating over a relatively short distance [34,35].

Thus, there is still considerable uncertainty as to whether poor performance on ‘global inte-
gration’ tasks in SZ truly reflects an integration deficit. Previous studies do not speak to this hy-
pothesis directly, since they typically employ tasks that are limited -and therefore confounded-
by local and global processing. To disentangle these factors we used a psychophysical paradigm
known as equivalent noise (EN), which allows performance on a global averaging task to be
parcellated into independent estimates of local processing (internal noise) and global process-
ing (sampling) [36]. Twenty-three participants with SZ and 20 age-matched controls were test-
ed on a standard motion coherence paradigm and three versions of the EN paradigm, the latter
separately quantifying local and global limits to judgements of average motion, average orienta-
tion and average size [37]. Specifically, we tested the hypothesis that impaired perceptual inte-
gration represents a generalised characteristic of visual processing in SZ. We predicted that
relative to control participants, those with SZ would exhibit elevated motion coherence thresh-
olds and lower levels of sampling for all three visual dimensions.

Materials and Methods
Ethics approval was obtained for this study from the UK National Research Ethics Committee.
In accordance with the declaration of Helsinki informed written consent was obtained from
each participant.

Participants
Data were gathered from 23 participants with SZ (three female) and 20 healthy control partici-
pants (three female) (CON) (Table 1). The two groups did not differ significantly with respect
to age [mean score: 40±8 (SZ) and 38±9 years (CON); t(41) = -0.81, p = 0.43; Cohen’s d = 0.25].
Participants with SZ were recruited from outpatients at the Institute of Psychiatry (IoP); all
had been diagnosed with SZ according to DSM-IV-R criteria by a Masters level research nurse
with extensive knowledge and training in the field. Since this diagnosis excludes anybody with
schizoaffective disorder or mood disorder with psychotic features, participants with affective
psychosis were not included in the study. Of the 23 patients tested, 13 were diagnosed with
paranoid SZ; none of the other patients fell firmly into any other specific sub-category. Partici-
pants’ symptom severity was assessed using the Positive and Negative Symptoms Scale
(PANSS) [38] within one week of psychophysical testing. None of the control participants had
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a history of mental illness. All participants had a minimum visual acuity of 20/20 binocularly
(with or without optometric correction).

General procedure
The experiment lasted approximately 90 minutes and consisted of: (i) a test of visual acuity
(LogMar near visual acuity chart); (ii) a rapid assessment of IQ (National Adult Reading Test;
NART) [39]; (iii) assessment of motion coherence thresholds; (iv) three EN experiments, prob-
ing orientation, motion and size processing. Psychophysical tasks were blocked and presented
in a random order. Responses were given verbally and relayed to the computer by
the experimenter.

Table 1. Clinical data for the participants with schizophrenia.

Diag Sex Age Med Type Dose IQ tPANSS tPSS tNSS tGSS tDIS DIS

SZ M 39 Aripiprazole 2nd 133 95 44 9 12 23 9 1

PS M 30 Clozapine 2nd 1000 106 58 12 20 26 9 1

PS M 30 Olanzapine 2nd 400 102 47 7 17 23 10 1

SZ F 38 Clozapine 2nd 800 100 100 20 28 52 15 4

SZ M 40 Risperidone 2nd 100 106 76 14 30 32 14 3

PS M 49 Haloperidol 1st 200 98 48 13 11 24 9 2

SZ M 33 Olanzapine 2nd 400 105 69 14 20 35 9 3

PS M 48 Olanzapine 2nd 400 100 67 18 21 28 10 1

PS M 42 Clozapine 2nd 750 101 59 13 14 32 9 1

SZ M 31 Quetiapine 2nd 1066 112 61 15 16 30 11 2

SZ F 50 Pipotiazine 1st 150 112 61 21 11 29 12 3

PS M 53 Clozapine 2nd 1000 89 40 12 9 19 8 2

SZ M 36 Olanzapine 2nd 200 111 42 7 14 21 8 1

PS M 43 Clozapine 2nd 1200 86 63 15 16 32 9 3

PS M 28 Pipotiazine 1st 200 101 64 11 23 30 14 3

PS M 46 Clozapine 2nd 600 117 47 8 12 27 8 1

SZ M 53 - - 150 95 73 16 25 32 11 1

PS M 28 Clozapine 2nd 500 84 53 9 20 24 14 3

SZ M 31 Clozapine 2nd 800 100 63 13 18 32 10 1

PS M 45 Olanzapine 2nd 400 105 65 17 19 29 12 3

PS F 43 Quetiapine 2nd 1400 117 55 12 17 26 11 2

PS M 40 Clozapine 2nd 300 113 34 7 11 16 5 1

SZ M 45 Olanzapine 2nd 200 94 47 12 12 23 8 1

Mean - 40 - - 537 102 58 13 17 28 10 2

Stdev - 8 - - 389 9 14 4 6 7 2 1

The following information is provided: diagnosis (Diag; SZ = schizophrenia; PS = Paranoid schizophrenia), medication (Med), medication type (Type: 1st =

first generation antipsychotic; 2nd = second generation antispsychotic), medication dose (Dose: chlorpromazine equivalent in mg/day), intelligence

quotient (IQ / NART score), total scores for the entire PANSS test (tPANSS), total scores for the positive symptoms of the PANSS test (tPSS), total scores

for the negative symptoms of the PANSS test (tNSS), total scores for the general symptoms of the PANSS test (tGSS), scores on a cognitive factor which

overlaps heavily with the concept of disorganization syndrome (tDIS) and scores for item P2 on the PANSS test, “conceptual disorganization” (DIS).

doi:10.1371/journal.pone.0117951.t001
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Motion Coherence procedure
Full details of the psychophysical methods used are given elsewhere [40,41]. In brief, partici-
pants reported the direction of motion of a variable number of coherently moving signal-dots
embedded in noise (dots moving in random directions). Signal dots were restricted to motion
in the horizontal plane (all-left or all-right on any given trial). Noise was added by assigning a
subset of dots random directions of motion (Fig. 1A). An adaptive staircase procedure
(QUEST; [42]) manipulated the level of coherence on each trial (the percentage of dots that
constituted the signal), such that it converged on the 82% (correct) coherence threshold. The
staircase terminated after 75 trials. Prior to the start of the testing phase all participants com-
pleted 15 practice trials in order to familiarise themselves with the nature of the task.

Equivalent noise procedure
An efficient version of the EN paradigm was used to assess local and global processing limits
[40]. As in previous applications of EN to this problem, observers performed a series of volun-
tary averaging tasks, judging whether stimulus elements were, on average, drifting clockwise or
anti-clockwise of vertical-upward motion (motion task; Fig. 1B), tilted to the left or right of ver-
tical (orientation task; Fig. 1D), or smaller or larger than a reference (size task; Fig. 1E). The ref-
erence direction, orientation and size were defined within the fixation marker, which was a
small white circle bisected by a vertical line.

Two independent QUEST staircases were randomly interleaved (Fig. 1C): in the ‘zero noise’
condition, external noise was set to zero (i.e. all elements drifted in the same direction, were
iso-oriented or were equal in size) and QUEST tracked the minimum directional-offset from
vertical, orientation-offset from vertical, or size-offset from reference supporting reliable (82%
correct) discrimination performance (motion, orientation and size tasks, respectively). For ex-
ample, in the motion task, the directional-offset of all elements varied from trial to trial as a
function of the participant’s responses: if the participant reported the direction of motion cor-
rectly (Fig. 1C, Trial 1, lower inlays), the size of the offset in the next trial decreased, such that
the judgement became harder (Fig. 1C, Trial 2, lower inlays). Conversely, if the participant re-
ported the direction of motion incorrectly, the size of the offset subsequently increased on the
next trial, such that the judgement became easier. Under the control of QUEST, this process
was repeated across the block of trials, such that the directional-offset presented eventually sta-
bilised about the participant’s threshold offset (i.e. the minimum stimulus offset required for
the participant to accurately report its direction of motion on a given proportion of trials). In
the ‘high noise’ condition, the staircase tracked the maximum level of signal variability (exter-
nal noise) that could be tolerated for observers to discriminate which of two possible, large sig-
nal-offsets (fixed at ±45°, ±22.5°and ±0.5 octaves for the motion, orientation and size tasks,
respectively) were present (maximum tolerable noise). For example, in the motion task, the
mean direction of motion was fixed at 45°CW or ACW of vertical; however, on each trial, the
standard deviation of directions presented varied as a function of the participant’s responses.
Thus, if the observer reported the mean direction of motion incorrectly on a given trial
(Fig. 1C, trial 1, upper inlays), the standard deviation of directions present in the stimulus (i.e.
noise added) was decreased on the next trial (Fig. 1C, trial 2, upper inlays), such that the judge-
ment was made easier. Conversely, if the participant reported the predominant direction of
motion correctly (Fig. 1C, trial 2, upper inlays), the noise added to the stimulus on the next trial
was increased, such that the judgement was made harder (Fig. 1C, trial 3, upper inlays). Under
the control of QUEST, this process was repeated across the block of trials, such that the stan-
dard deviation of the stimulus stabilised about the threshold level of noise that could be tolerat-
ed by the participant (i.e. the maximum standard deviation of directions in the stimulus that
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could be tolerated whilst the participant accurately reported the mean direction of motion for a
given proportion of trials). Both staircases terminated after 75 trials (each). A two-parameter
EN function was then fit to each participant’s data (Fig. 1C), providing estimates of internal
noise (a measure of local processing) and sampling (a measure of global processing). (See [40]
for full details). All test blocks (one per task type) were preceded by 15 practice trials in order
to familiarise the participant with the nature of the task.

Fig 1. Psychophysical procedures. (A) Example high (100%) and low (20%) coherence motion stimuli. Signal dots are shown in white and noise dots in
black. Directions of motion are indicated by the orientation of the arrow-heads. (Note: in the actual experiment all dots were white). Below each example
stimulus is shown the corresponding idealised distribution of signal values (solid black line) and noise values (dark grey shaded region). In the coherence
task, noise was increased by changing the proportion of signal to noise dots. (B) Zero and high noise motion stimuli, with corresponding distributions of
motion directions presented below. (C) The equivalent noise fit (solid black line) is constrained by two data-points: the ‘zero noise’ threshold, which
represents the minimum directional offset that can be reliably discriminated, and the ‘high noise’ threshold, which represents the maximum level of noise that
can be tolerated while discriminating between large directional offsets (±45°). The fitting-function (inset in C) has two parameters: internal noise and global
sampling. (D) and (E) show zero and high noise orientation and size stimuli, for orientation and size judgements, respectively. The schematics below show
corresponding distributions of orientations / sizes. In (A, B, D & E), the reference direction / orientation / size is denoted by a vertical black dotted line; the
average signal direction / orientation / size is circled.

doi:10.1371/journal.pone.0117951.g001
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Stimulus parameters
Stimuli were generated in Matlab (MathWorks, Cambridge, MA) with the Psychophysics
Toolbox extensions [43,44] and were presented on the built-in LCD display of a MacBook Pro
laptop computer (resolution of 1280x800 pixels at60Hz). Test images were comprised of 100 el-
ements dropped within a circular region with a diameter of 15°. In the motion task, overlap-
ping elements led to occlusion. In the size task, the contrasts of overlapping elements were
summed. Element overlap was unavoidable in these versions of the task because of the basic
physical constraints of presenting a high number of elements (varying in size or direction of
motion) within a small region of the visual field. In contrast, for the orientation task, a mini-
mum centre-to-centre spacing of elements (equal to the element- diameter) ensured that adja-
cent elements could not overlap. This was deemed appropriate since overlapping elements that
occluded one another would have led to a loss of orientation information, whist overlapping el-
ements with partial transparency would have generated orientation artifacts (i.e. plaids). Im-
ages were presented at screen-centre for 400 milliseconds against a grey background, and were
viewed in a dark room at a distance of 51cm. The fixation marker had a diameter of 0.44°.

For the orientation task, individual elements comprised random phase sine-wave gratings
(spatial frequency = 3.4 cycles per degree, presented at 50% contrast) windowed by a circular
hard-edged mask with a diameter of 0.44°. Disks were similar for the size task, but varied in
size and were randomly oriented. The spatial frequency of the carrier-grating was always scaled
relative to the diameter of the disk so that the number of cycles presented was constant across
changes in size. In addition, for the size task, the contrast of individual disks was randomly jit-
tered (between 25–75%) to minimise any cues from contrast-differences. For the motion tasks,
individual elements were comprised of white dots with a diameter of 0.44° presented at 50%
contrast (Fig. 1B); these had a lifetime of 300ms, drifted at 3°/sec and their position was up-
dated every 50ms.

Data transformation and filtration
Data were analysed as described previously [40], facilitating directing comparison between
data-sets. In brief, all psychophysical data were log-transformed as this reduced skew and kur-
tosis. Following log-transformation, the distribution of variables did not differ significantly
from normal (ps>0.05; one-sample Kolmogorov-Smirnoff tests). Data were then filtered (sepa-
rately for CON and SZ groups) so that extreme outliers with respect to parameter estimates
and associated confidence intervals (>2.58 Z-scores from the group mean) were excluded from
analyses. This led to the exclusion of 4.7% of the data. Although the filtration process had negli-
gible effects on the findings, we also present statistics undertaken on non-filtered (i.e. raw) data
for key comparisons, as well as with and without IQ built into the model as a covariate. In addi-
tion, raw and filtered psychophysical data are presented in S1 Dataset; these include basic offset
thresholds and maximum tolerable noise levels, as well as levels of internal noise and sampling.

Results
A series of independent t-tests indicated that none of the psychophysical measures recorded
differed significantly (p>0.05) between SZ sub-groups (paranoid vs. non-paranoid schizophre-
nia); nor did these two SZ sub-groups differ with respect to age, IQ, medication dose (chlor-
promazine equivalents) or PANSS scores (general, positive or negative). Consequently, data
from all observers with SZ were pooled for subsequent analyses. Since IQ levels were found to
be significantly lower in the participants with SZ than those without (t(38) = 2.1, p = 0.04,
Cohen’s d = 0.69), analyses were run both with and without IQ scores included as a covariate.
IQ scores were available for 40 out of the 43 participants.
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Motion coherence thresholds
To determine whether coherence thresholds differed between SZ and CON groups (Fig. 2A),
data were analysed using a one-way analysis of covariance (ANCOVA) (Table 2) with IQ
scores as a covariate. Motion coherence thresholds were statistically indistinguishable between
control participants and those with SZ (F(1,35) = 0.25, p = 0.62, partial-η2 = 0.01). Further, this
held true for unfiltered data, irrespective of whether or not IQ was included as a covariate
(F(1,37) = 0.48, p = 0.49, partial-η2 = 0.01; F(1,41) = 0.12, p = 0.73, partial-η2 = 0.003,
respectively).

Internal noise and sampling
To determine whether there was a general trend for group differences in internal noise (Fig. 2B),
a multivariate analyses of covariance (MANCOVA) was undertaken with one between-partici-
pants factor (group at 2 levels: SZ and CON) and three dependent variables (orientation, motion
and size internal noise), with IQ scores as a covariate. This revealed no main effect of group for
internal noise (Wilks’ λ = 0.86, F(3,31) = 1.63, p = 0.2, partial-η2 = 0.14) and held true for unfiltered
data, irrespective of whether or not IQ was included as a covariate (Wilks’ λ = 0.93, F(3,35) = 0.93,
p = 0.43, partial-η2 = 0.07;Wilks’ λ = 0.87, F(3,39) = 1.97, p = 0.13, partial-η2 = 0.13, respectively).

Similar analysis revealed a significant main effect of group on sampling (Wilks’ λ = 0.73,
F(3,29) = 3.57, p = 0.03, partial-η2 = 0.27; Fig. 2C), which held true for non-filtered data, irrespec-
tive of whether or not IQ was included as a covariate (Wilks’ λ = 0.69, F(3,30) = 4.51, p = 0.01,
partial-η2 = 0.31; Wilks’ λ = 0.61, F(3,34) = 7.38, p = 0.001, partial-η2 = 0.39, respectively). To
determine the source of this effect three post hoc one-way ANCOVAs were run on orientation,

Fig 2. Coherence and equivalent noise plots.Group mean (A) coherence thresholds, (B) levels of internal
noise and (C) sampling are shown for control participants and participants with schizophrenia. Error bars
denote the standard error of the mean. Deg. = degrees. ** p = 0.01.

doi:10.1371/journal.pone.0117951.g002
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motion and size sampling values with one between-participants factor (group) (Table 2). Bonfer-
roni corrections were made for three comparisons, reflecting the three visual dimensions tested
(motion, orientation and size; corrected alpha = 0.02). Levels of sampling differed between the
two groups (SZ and control) for the orientation task only: thus, orientation sampling was signifi-
cantly lower in the SZ group (F(1,31) = 7.14, p = 0.01, partial-η2 = 0.19). Once again, these findings
held true for unfiltered data also, irrespective of whether or not IQ was included as a covariate
(F(1,32) = 9.6, p<0.01 partial-η2 = 0.23; F(1,36) = 17.24, p<0.001, partial-η2 = 0.32, respectively).

Correlations between psychophysical performance and clinical
measures / IQ scores
To determine whether psychophysical performance was related to symptom severity a series of
partial correlations were undertaken on behavioral measures and PANSS scores. These included
total PANSS scores, positive, negative and general psychopathology sub-scale scores, as well as a
cognitive factor (comprised of the sum of a sub-set of questions in the PANSS test), which over-
laps with the concept of disorganization syndrome [45] and has been shown to predict perfor-
mance on a contour integration task in SZ [16]. Following [17], we also looked for correlations
between task performance and scores on question P2 of the PANSS test (conceptual disorganiza-
tion; DIS). No significant correlations were found between behavioural measures and any of the
PANSS scores listed (Table 3), irrespective of whether or not IQ was added as a covariate in the
analyses (ps>0.05). Note, however, that there was relatively low variance in participants’ PANSS
scores (overall scores generally indicating low-to-moderate symptoms), potentially reducing the
likelihood of detecting a correlation. In addition, there was only one participant with SZ who ex-
hibited even moderate conceptual disorganization (i.e. scoring>3 on PANSS itemP2). Neither
were there any significant correlations between behavioural measures and medication dosage
(CLZ equivalents) (ps>0.05). Finally, IQ scores were found to correlate (negatively) with coher-
ence thresholds (p = 0.02), but not with internal noise or sampling (ps>0.05).

Discussion
This study was designed to test the hypothesis that impoverished integration represents a char-
acteristic (and generalised) feature of visual processing in SZ. To this end, we tested partici-
pants (with and without SZ) on a motion coherence task and a series of discrimination tasks

Table 2. Comparing group performance on motion coherence and equivalent noise tasks.

F d.f. p Partial-η2

Coherence Th 0.25 1,35 0.62 0.01

Motion σint 3.62 1,33 0.07 0.1

nsamp 0.22 1,31 0.64 0.01

Orientation σint 0.20 1,33 0.70 0.01

nsamp 7.14 1,31 **0.01 0.19

Size σint 2.00 1,33 0.17 0.06

nsamp 2.46 1,31 0.13 0.07

Schizophrenia and control group performances were compared using a series of one-way analyses of covariance with IQ scores included as a covariate.

These analyses were undertaken on filtered data. See text however for details of analyses undertaken on non-filtered (raw) data with and without IQ

included as a covariate. F = F-statistic; d.f. = degrees of freedom; p = significance level; Partial-η2 = effect size; Th = motion coherence threshold; σint =

internal noise; nsamp = sampling.

doi:10.1371/journal.pone.0117951.t002
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that probed local and global processing limits for judgements of average motion, orientation
and size. We report that coherence thresholds and levels of internal noise were indistinguish-
able between the two groups, as were levels of sampling (a measure of global integration) for
motion and size judgements. In fact, the only statistical difference in psychophysical perfor-
mance between the two groups was for orientation sampling: participants with SZ typically
pooled fewer samples when estimating average orientation. Consequently, we conclude that a
generalised impairment in visual integration is not a characteristic feature of SZ, but is instead,
restricted to judgements of visual orientation.

Previous reports of an orientation integration deficit in SZ have been made on the basis of
impaired performance on contour detection tasks, in which the participant must detect the
presence of an elongated contour -composed of discrete oriented elements (Gabors)- embed-
ded in a field of randomly oriented distracters. In these tasks, performance at least in part, re-
flects the limits imposed by orientation integration, since the global contour is only revealed if
orientation information is integrated across multiple individual elements. Relative to control
participants, individuals with SZ are less accurate at identifying the shape or location of a con-
tour [14–18] and are more susceptible to the disrupting effects of adding orientation jitter to its
individual component elements [34,35].

However, contour detection studies do not provide an independent estimate of global inte-
gration since performance may be limited by additional processes. For example, participants
with SZmay also be less precise at reporting the orientation of an isolated Gabor element [34]
and exhibit abnormal patterns of contextual modulation from nearby flanking distracters
[34,35], both of which likely contribute to impaired detection thresholds in the patient group.

Table 3. Partial and standard bivariate correlations between psychophysical performance and clinical measures / IQ.

Th Motion Orientation Size

σint nsamp σint nsamp σint nsamp

tPANSS R 0.07 -0.20 -0.26 0.06 0.08 -0.17 -0.03

p 0.78 0.43 0.32 0.83 0.75 0.50 0.90

tPSS R -0.32 -0.28 -0.02 -0.01 0.03 0.18 0.13

p 0.21 0.28 0.95 0.96 0.92 0.48 0.62

tNSS R 0.23 -0.03 -0.39 0.15 -0.09 -0.43 -0.18

p 0.37 0.90 0.13 0.56 0.73 0.09 0.50

tGSS R 0.15 -0.22 -0.21 0.01 0.22 -0.13 -0.01

p 0.57 0.40 0.42 0.98 0.41 0.62 0.97

tDIS R 0.13 -0.05 -0.25 0.21 -0.16 -0.27 -0.26

p 0.61 0.85 0.33 0.42 0.53 0.30 0.32

DIS R 0.07 0.10 -0.13 0.05 -0.08 -0.10 -0.07

p 0.79 0.71 0.63 0.84 0.76 0.70 0.79

CLZ R -0.32 -0.27 0.04 0.04 0.40 -0.04 0.26

p 0.21 0.30 0.89 0.89 0.12 0.88 0.32

IQ R -0.48 -0.25 0.19 -0.07 -0.18 0.18 0.36

p 0.02 0.27 0.41 0.77 0.42 0.40 0.09

Partial correlations are shown for psychophysical and clinical variables for participants with schizophrenia whilst controlling for the effects of IQ scores (all

rows except bottom two). Standard bivariate correlations are also shown for psychophysical measures and IQ scores (bottom two rows). R = Pearson’s

correlation coefficient; p = significance level; Th = motion coherence threshold; σint = internal noise; nsamp = sampling. See legend to Table 1 for further

details of abbreviations used for clinical measures.

doi:10.1371/journal.pone.0117951.t003
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(See [3,46,47] however for contrary evidence of normal orientation discrimination and intact
contextual processing of orientation information in SZ). Further, Schallmo et al.[35] have
shown that lower IQ levels in the participants with SZ may contribute to inter-group differ-
ences in baseline detection performance: IQ scores correlated negatively with detection thresh-
olds and differed significantly between groups. This is potentially problematic since many
studies do not measure, report and/or control for intelligence.

Thus, previous studies of orientation integration in SZ have tended to confound a number
of composite processes, e.g. local processing, global processing, and potentially, general cogni-
tive factors such as IQ and attention. In contrast, we have used the EN paradigm to derive inde-
pendent estimates of local and global processing in SZ, and have demonstrated a selective
impairment in the participants’ ability to integrate orientation information. Further, we ana-
lysed the data both with and without IQ included as a covariate. Note however, that whilst
ANCOVA removes the variance associated with a covariate (i.e. IQ in this case), this is not
equivalent to ‘controlling for its effects [48]. Indeed, in some instances, removing variance as-
sociated with a covariate can actually create spurious effects, or else, reduce the likelihood of
detecting an effect (for example, when the covariate and independent variable are closely relat-
ed and represent overlapping constructs). Nonetheless, including IQ in the analyses had no ef-
fect on the results, suggesting that the findings reported are robust, and are unlikely to be
driven by inter-group differences in IQ.

We think that it is similarly unlikely that the results can be explained by differences in atten-
tion between SZ and control groups. Though we have previously reported that diverted atten-
tion leads to poorer sampling for orientation averaging [49], the effects we report here were
specific to the orientation judgements, and there is no reason to assume that orientation tasks
make greater demands on attentional resources than judgements involving other spatial di-
mensions. Thus, levels ofmotion and size sampling did not differ between participants with
and without SZ.

We included a measure of visual size averaging in our battery of tasks because, increasingly,
this is the visual attribute most commonly considered in studies of voluntary averaging [50–
52]. Further, in our experience, size-averaging recruits relatively higher levels of sampling than
motion -or orientation- averaging (see Fig. 2), so that we can be confident that our failure to
find differences between observers with and without SZ on this task cannot be attributed to a
floor effect arising from generally poor/absent averaging. We are similarly confident that the
absence of inter-group differences on the motion task are not due to floor effects, since reliable
differences in motion internal noise and sampling have previously been reported using the
same technique in a study of normal development, despite comparable sampling levels [53].

The finding that all motion perception measures were normal in our participants with SZ
was somewhat unexpected. A relatively common finding in studies of vision in SZ is that mo-
tion perception is impaired (see [12] for a review), with a growing body of evidence describing
elevated motion coherence thresholds [13,19–21] (see [54] however), impaired speed discrimi-
nation [24–29] and abnormal levels of motion surround suppression [55,56]. In contrast, per-
formance is seemingly unaffected when only a single (local) direction of motion must be
reported, e.g. for a drifting grating [13]. This has led some to suggest that motion processing
deficits in SZ are restricted to higher-level motion-sensitive areas where local motion signals
are integrated and contextual effects mediated [21], e.g. the medial temporal (MT) and medial
superior temporal (MST) areas [57]. From these findings, one might expect normal levels of in-
ternal noise in SZ, coupled with reduced levels of motion sampling and elevated coherence
thresholds. However, this was not the case: all psychophysical measures of motion processing
were normal in the participants with SZ.
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There are a number of potential explanations for this discrepancy between our own findings
and previous reports in the literature. First, it is possible that our motion coherence and EN sti-
muli were not optimal for uncovering group differences in performance. However, this is un-
likely: we used standard stimuli comprised of 100 dots, drifting at a velocity of 3 deg/sec. In the
only study to parametrically manipulate element number and motion speed in parallel [54] the
authors showed that the difference between SZ and control group coherence thresholds was
maximal for a 100-dot stimulus that drifted at slow speeds. Although the authors did not test
performance at speeds less than 6 deg/sec, a separate study has shown that the effect persists at
3 deg/sec [58]. Further, inter-group differences in coherence thresholds do not rely on the use
of limited or infinite life-time dots in SZ [33,59]. Consequently, it is unlikely that our choice of
stimulus parameters underlies the absence of an effect. It is also unlikely that we lacked statisti-
cal power, since a highly significant group difference was reported for orientation sampling
using the same cohort of participants and experimental design; further, a number of studies
have reported a group difference in coherence thresholds with a considerably smaller popula-
tion sample, e.g. only 13 participants with SZ and 14 controls [20]. In addition, we have previ-
ously shown elevated motion coherence thresholds in a clinical group (migraine) using
identical methods and a comparable sample size [40].

Finally, it is possible that the participants with SZ recruited in this study were unrepresenta-
tive of the population as a whole, or else, differed in some critical way to those tested in previ-
ous studies. For example, all of our participants with SZ were outpatients, whilst previous
studies suggest that visual abnormalities may be more pronounced in acute / forensic inpatients
[2,3,60]. Further, all of our participants were relatively high functioning, with a group average
IQ that exceeded 100 and a relatively low average symptoms score (tPANSS = 58 out of a maxi-
mum of 210). Since IQ scores are known to correlate with performance on a number of visual
tasks in SZ, e.g. velocity discrimination [25,28] and contour detection [35], it is possible that
our chances of finding an effect would have been greater if more symptomatic patients had
been included in the study. Indeed, in our own data, although coherence thresholds did not dif-
fer between groups (SZ and CON), they did correlate (negatively) with IQ scores. Given that
many studies of vision in SZ do not report (or control for) differences in IQ (e.g. [20,21]), it is
possible that some findings previously reported in the literature may be partially confounded
by this factor. We note however that a number of studies have reported systematic visual ab-
normalities in SZ whilst controlling for IQ, e.g. [14,61].

On the topic of potential confounds, it is important to note that although all participants in-
cluded in this study had a minimum visual acuity of 20/20, we did not check for systematic
inter-group differences in acuity within the ‘normal’ range. Thus, acuities greater than 20/20
were not recorded: participants were simply included or excluded on the basis of whether or
not they reached criterion. This is potentially relevant since a recent study (published subse-
quent to our data collection phase) has suggested that individuals with acuities greater than
20/20 exhibit lower contrast detection thresholds and superior contour integration perfor-
mance than participants with 20/20 vision [62]. Further, it has been suggested that individuals
experiencing psychosis may exhibit poorer visual acuity [63,64], putatively because, relative to
non-affected controls, they are less likely to monitor and attend to their physical health needs
[64]. Nonetheless, we believe it unlikely that the two groups studied here (SZ and control) dif-
fered significantly with respect to visual acuity, since they had indistinguishable levels of inter-
nal noise and basic spatial offset thresholds (ps<0.05, data not shown). These two measures
essentially measure the participant’s ability to undertake fine spatial discriminations, and as
such, would be expected to differ if there were systematic differences in acuity between the
groups. Further, it is not clear why orientation (rather than size) would be systematically affect-
ed. Nonetheless, we believe that in light of these findings [62], future studies of visual
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perception in SZ should measure and compare visual acuity as standard practice alongside
other relevant measures (e.g. IQ and symptoms scores).

Another potential difference between our own patients and those used in previous experi-
ments is with respect to their level of exposure to psychophysical testing. All of our participants
with SZ were recruited from an outpatient clinic at the Institute of IoP, many of whom have
been tested previously on visual tasks and, as a consequence, were practiced psychophysical ob-
servers at the time of testing. Although we are not aware of a previous motion perception study
undertaken with this particular patient cohort, there is some evidence that motion processing
thresholds may benefit from general (procedural) learning. In one study of motion coherence,
thresholds fell with practice, an effect that was more pronounced for a group of participants
with SZ than for a matched control group [59]. By the end of five training sessions, patients
had undergone a 47% improvement in performance, such that their coherence thresholds did
not differ from the control participants’. Further, there was a trend (p = 0.05) for this learning
effect to transfer to a different (untrained) task, which involved judgements of relative velocity.
Consequently, our use of experienced psychophysical observers may also have reduced the like-
lihood of finding a group difference in performance. However, it is worth noting that evidence
for the efficacy of cognitive training in SZ is mixed (see [65] for a review), particularly with re-
spect to issues of transfer and generalisation of learning (e.g. [66]). Further, our control group
was made up of a similar mix of psychophysically experienced and psychophysically
naïve observers.

Finally, there is a possibility that the discrepancy between our findings and previous reports
reflects, in part, a reporting bias in the literature. Thus, according to the ‘file-drawer’ problem
[67], there is a tendency for negative results to go unpublished. Consistent with this possibility,
whilst a number of studies have reported elevated coherence thresholds in SZ [13,19–21], we
are not alone in obtaining a null result. In a recent study of 29 participants with SZ and 23
without, motion coherence thresholds were found to be indistinguishable between the two
groups [54]. Further, in the same study, the participants with SZ showed elevated contour inte-
gration thresholds (relative to a control group), arguing against this particular population sam-
ple being unrepresentative. (Indeed, one wonders if these negative findings would have been
published at all in the absence of significant inter-group differences in contour integration per-
formance). It is therefore possible that elevated motion coherence thresholds in SZ are contin-
gent on a moderating variable that is at yet unidentified.

A critical question that arises from our findings is why the visual averaging deficit that we
report is not generalised, but is instead restricted to a specific visual dimension. Thus, a number
of models of anomalous perception in SZ posit abnormalities in fundamental cortical processes
that are replicated across multiple brain regions [9,68], such that one might expect all visual di-
mensions to be affected. Indeed, studies of SZ have reported perceptual abnormalities across a
wide range of visual dimensions and task types (see [1] for a review). However, these findings
reflect data that have been gathered across multiple research groups, using distinct diagnostic
criteria, patient cohorts and experimental designs, such that they cannot be compared directly.
Further, many of these studies cannot distinguish between localised abnormalities in defined
neural networks (e.g. integration of motion signals in area MT) and more general effects driven
by inter-group differences in, for example, attention, motivation or task comprehension. For
this reason, more informative studies are those in which a single cohort of participants is tested
across a range of visual dimensions.

Where studies of visual processing in SZ have tested a single group of participants across
multiple visual dimensions (of which there are few to date), the findings typically implicate se-
lective abnormalities on a subset of tasks, rather than a generalised, i.e. widespread, im-
pairment. For example, when Tibber and colleagues [3] had individuals with and without SZ
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judge the brightness, contrast, orientation and size of targets embedded in high-contrast con-
textual surrounds, they found that participants with SZ exhibited abnormal responses (reduced
biases) for judgements of contrast and size only, i.e. orientation and brightness judgements
were unaffected. Similarly, in a study involving judgements of visual brightness, contrast, ori-
entation, size andmotion (in the context of high-contrast surrounds), Yang and colleagues
[46] reported a reduced bias in SZ for judgements of contrast only, i.e. all other judgements
were normal. Although there is some inconsistency in the findings of these two studies (i.e.
with respect to size judgements, see discussion in [3] however), they nonetheless reinforce the
findings reported here, and implicate a selective impairment in a subset of cortical networks.

With respect to why orientation averaging is ‘special’, i.e. why it is selectively impaired in SZ
whilst motion and size averaging are not, we can only speculate. Although this pattern of find-
ings cannot be captured by a simple model of, for example, selective impairment in cortical ver-
sus pre-cortical [3] loci, or magno-cellular versus parvo-cellular [69] pathways, we cannot rule
out the possibility that it reflects more localised differences in the underlying cyto-architecture
or receptor / neurotransmitter distribution of implicated cortices [70]. Thus, it is likely that
perceptual processes underlying responses to different versions of the equivalent noise task are
subserved by largely distinct (potentially dimension-specific) neural networks [71], and that
these may be differentially susceptible in SZ. In support of this, there is robust evidence that
whilst pooling of motion signals takes place in higher motion processing areas such as area MT
and MST [57], the integration of orientation signals is mediated (in part) by lateral connections
within relatively early orientation-selective visual areas, e.g. area V1 [72]. Consequently, one
hypothesis that has the potential to explain a selective deficit in orientation pooling in SZ is re-
duced intra-cortical connectivity in these early visual cortices. Thus, if the spatial extent of visu-
al pooling were reduced in SZ, orientation averaging judgements would be affected, whilst
motion averaging judgements might be spared, since the latter rely on distinct (and dedicated)
higher-level areas.

In support of reduced patterns of connectivity in early visual areas, Anderson and colleagues
[73] have shown that, relative to controls, population receptive field sizes in SZ (a measure of
local intra-cortical connectivity) are reduced in early visuo-cortical areas (V1-V3). Further, this
difference is only significant in area V1, the earliest stage in the visual processing hierarchy
where orientation information is extracted. Impaired patterns of connectivity in early visual
areas within SZ is also consistent with a number of other psychophysical observations in the lit-
erature, e.g. reduced suppression [2], facilitation [74] and crowding [34] effects from contextu-
al cues / distracters in a stimulus. In addition, levels of GABA (the brain’s primary inhibitory
neurotransmitter) are reduced in area V1 in SZ (relative to controls) and correlate positively
with a measure of orientation-tuned surround suppression [65]. Taken together, these studies
suggest that patterns of intra-cortical connectivity are severely disrupted in early visual areas in
SZ, a finding that might explain the selective deficit in orientation averaging reported here.

In conclusion, the findings reported suggest that impaired visual integration does not repre-
sent a generalised feature of SZ. Instead, they support previous studies, which indicate that dis-
tinct global integration and averaging tasks are sub-served by largely independent mechanisms
and cortical loci [47,71,75,76], which may be differentially susceptible to acquired damage / de-
velopmental abnormality. Consequently, to speak of a general deficit in global processing may
represent too coarse a generalisation. In the data we report, relative to matched control partici-
pants, all psychophysical measures recorded were normal in the participants with SZ, with the
single exception of orientation sampling: the participants with SZ typically pooled fewer local
orientation estimates when reporting average orientation (EN analysis). The fact that this effect
could be detected in a relatively high functioning outpatient group that included experienced
psychophysical observers, and in the context of normal performance on closely-matched
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motion and size tasks, suggests that orientation processing may be particularly susceptible to
impairment in SZ. One possible explanation for these findings is that patterns of intra-cortical
connectivity are disrupted in early visual areas in SZ, a notion that is supported by a recent
study involving population receptive field mapping. Nonetheless, future studies should be un-
dertaken to test this hypothesis explicitly, and further, to determine to what extent (if any) this
relates to other visuo-perceptual abnormalities in SZ such as impaired contour integration.

Supporting Information
S1 Dataset. Supporting information.
(XLSX)

Author Contributions
Conceived and designed the experiments: MST PC SCD. Performed the experiments: MST
EJA TB. Analyzed the data: MST SCD. Contributed reagents/materials/analysis tools: SSS SCD.
Wrote the paper: MST SSS SCD. Designed the software used in analysis: MST SCD. Recruited
patients: TB SSS.

References
1. Butler PD, Silverstein SM, Dakin SC (2008) Visual perception and its impairment in schizophrenia. Biol

Psychiatry 64: 40–47. doi: 10.1016/j.biopsych.2008.03.023 PMID: 18549875

2. Dakin S, Carlin P, Hemsley D (2005) Weak suppression of visual context in chronic schizophrenia. Curr
Biol 15: R822–824. PMID: 16243017

3. Tibber MS, Anderson EJ, Bobin T, Antonova E, Seabright A, et al. (2013) Visual surround suppression
in schizophrenia. Front Psychol 4: 88. doi: 10.3389/fpsyg.2013.00088 PMID: 23450069

4. Yoon JH, Rokem AS, Silver MA, Minzenberg MJ, Ursu S, et al. (2009) Diminished orientation-specific
surround suppression of visual processing in schizophrenia. Schizophr Bull 35: 1078–1084. doi: 10.
1093/schbul/sbp064 PMID: 19620601

5. Phillips ML, David AS (1995) Facial processing in schizophrenia and delusional misidentification: cog-
nitive neuropsychiatric approaches. Schizophr Res 17: 109–114. PMID: 8541243

6. Walker E, McGuire M, Bettes B (1984) Recognition and identification of facial stimuli by schizophrenics
and patients with affective disorders. Br J Clin Psychol 23 (Pt 1): 37–44.

7. Kim J, Park S, Blake R (2011) Perception of biological motion in schizophrenia and healthy individuals:
a behavioral and FMRI study. PLoS One 6: e19971. doi: 10.1371/journal.pone.0019971 PMID:
21625492

8. Uhlhaas PJ, Silverstein SM (2005) Perceptual organization in schizophrenia spectrum disorders: em-
pirical research and theoretical implications. Psychol Bull 131: 618–632. PMID: 16060805

9. Silverstein SM, Keane BP (2011) Perceptual organization impairment in schizophrenia and associated
brain mechanisms: review of research from 2005 to 2010. Schizophr Bull 37: 690–699. doi: 10.1093/
schbul/sbr052 PMID: 21700589

10. Doniger GM, Silipo G, Rabinowicz EF, Snodgrass JG, Javitt DC (2001) Impaired sensory processing
as a basis for object-recognition deficits in schizophrenia. Am J Psychiatry 158: 1818–1826. PMID:
11691687

11. Kimhy D, Corcoran C, Harkavy-Friedman JM, Ritzler B, Javitt DC, et al. (2007) Visual form perception:
a comparison of individuals at high risk for psychosis, recent onset schizophrenia and chronic schizo-
phrenia. Schizophr Res 97: 25–34. PMID: 17884347

12. Chen Y (2011) Abnormal visual motion processing in schizophrenia: a review of research progress.
Schizophr Bull 37: 709–715. doi: 10.1093/schbul/sbr020 PMID: 21436317

13. Chen Y, Nakayama K, Levy D, Matthysse S, Holzman P (2003) Processing of global, but not local, mo-
tion direction is deficient in schizophrenia. Schizophrenia Research 61: 215–227. PMID: 12729873

14. Keane BP, Silverstein SM, Barch DM, Carter CS, Gold JM, et al. (2012) The spatial range of contour in-
tegration deficits in schizophrenia. Exp Brain Res 220: 251–259. doi: 10.1007/s00221-012-3134-4
PMID: 22710617

Local and Global Visual Processing in Schizophrenia

PLOS ONE | DOI:10.1371/journal.pone.0117951 February 17, 2015 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0117951.s001
http://dx.doi.org/10.1016/j.biopsych.2008.03.023
http://www.ncbi.nlm.nih.gov/pubmed/18549875
http://www.ncbi.nlm.nih.gov/pubmed/16243017
http://dx.doi.org/10.3389/fpsyg.2013.00088
http://www.ncbi.nlm.nih.gov/pubmed/23450069
http://dx.doi.org/10.1093/schbul/sbp064
http://dx.doi.org/10.1093/schbul/sbp064
http://www.ncbi.nlm.nih.gov/pubmed/19620601
http://www.ncbi.nlm.nih.gov/pubmed/8541243
http://dx.doi.org/10.1371/journal.pone.0019971
http://www.ncbi.nlm.nih.gov/pubmed/21625492
http://www.ncbi.nlm.nih.gov/pubmed/16060805
http://dx.doi.org/10.1093/schbul/sbr052
http://dx.doi.org/10.1093/schbul/sbr052
http://www.ncbi.nlm.nih.gov/pubmed/21700589
http://www.ncbi.nlm.nih.gov/pubmed/11691687
http://www.ncbi.nlm.nih.gov/pubmed/17884347
http://dx.doi.org/10.1093/schbul/sbr020
http://www.ncbi.nlm.nih.gov/pubmed/21436317
http://www.ncbi.nlm.nih.gov/pubmed/12729873
http://dx.doi.org/10.1007/s00221-012-3134-4
http://www.ncbi.nlm.nih.gov/pubmed/22710617


15. Silverstein SM, Hatashita-Wong M, Schenkel LS, Wilkniss S, Kovacs I, et al. (2006) Reduced top-down
influences in contour detection in schizophrenia. Cogn Neuropsychiatry 11: 112–132. PMID:
16537237

16. Silverstein SM, Kovacs I, Corry R, Valone C (2000) Perceptual organization, the disorganization syn-
drome, and context processing in chronic schizophrenia. Schizophr Res 43: 11–20. PMID: 10828411

17. Uhlhaas PJ, Phillips WA, Mitchell G, Silverstein SM (2006) Perceptual grouping in disorganized schizo-
phrenia. Psychiatry Res 145: 105–117. PMID: 17081620

18. Uhlhaas PJ, Phillips WA, Schenkel LS, Silverstein SM (2006) Theory of mind and perceptual context-
processing in schizophrenia. Cogn Neuropsychiatry 11: 416–436. PMID: 17354079

19. Chen Y, Bidwell LC, Holzman PS (2005) Visual motion integration in schizophrenia patients, their first-
degree relatives, and patients with bipolar disorder. Schizophr Res 74: 271–281. PMID: 15722006

20. Li CS (2002) Impaired detection of visual motion in schizophrenia patients. Prog Neuropsychopharma-
col Biol Psychiatry 26: 929–934. PMID: 12369268

21. Stuve TA, Friedman L, Jesberger JA, Gilmore GC, Strauss ME, et al. (1997) The relationship between
smooth pursuit performance, motion perception and sustained visual attention in patients with schizo-
phrenia and normal controls. Psychol Med 27: 143–152. PMID: 9122294

22. Keri S, Antal A, Szekeres G, Benedek G, Janka Z (2002) Spatiotemporal visual processing in schizo-
phrenia. J Neuropsychiatry Clin Neurosci 14: 190–196. PMID: 11983794

23. Slaghuis WL (1998) Contrast sensitivity for stationary and drifting spatial frequency gratings in positive-
and negative-symptom schizophrenia. J Abnorm Psychol 107: 49–62. PMID: 9505038

24. Bidwell LC, Holzman PS, Chen Y (2006) Aging and visual motion discrimination in normal adults and
schizophrenia patients. Psychiatry Res 145: 1–8. PMID: 17069895

25. Chen Y, Levy DL, Sheremata S, Holzman PS (2004) Compromised late-stage motion processing in
schizophrenia. Biol Psychiatry 55: 834–841. PMID: 15050865

26. Chen Y, Levy DL, Sheremata S, Holzman PS (2006) Bipolar and schizophrenic patients differ in pat-
terns of visual motion discrimination. Schizophr Res 88: 208–216. PMID: 16844346

27. Chen Y, Palafox GP, Nakayama K, Levy DL, Matthysse S, et al. (1999) Motion perception in schizo-
phrenia. Arch Gen Psychiatry 56: 149–154. PMID: 10025439

28. Hong LE, Turano KA, O'Neill HB, Hao L, Wonodi I, et al. (2009) Is motion perception deficit in schizo-
phrenia a consequence of eye-tracking abnormality? Biol Psychiatry 65: 1079–1085. doi: 10.1016/j.
biopsych.2008.10.021 PMID: 19054501

29. Kim D, Wylie G, Pasternak R, Butler PD, Javitt DC (2006) Magnocellular contributions to impaired mo-
tion processing in schizophrenia. Schizophr Res 82: 1–8. PMID: 16325377

30. Dakin SC, Mareschal I, Bex PJ (2005) Local and global limitations on direction integration assessed
using equivalent noise analysis. Vision Res 45: 3027–3049. PMID: 16171844

31. Husk JS, Huang PC, Hess RF (2012) Orientation coherence sensitivity. J Vis 12: 18. doi: 10.1167/12.
13.18 PMID: 23262150

32. Christensen BK, Spencer JMY, King JP, Sekuler AB, Bennett PJ (2013) Noise as a mechanism of
anomalous face processing among persons with Schizophrenia. Frontiers in Psychology 4. doi: 10.
3389/fpsyg.2013.00605 PMID: 24578696

33. Kim J, Norton D, McBain R, Ongur D, Chen Y (2013) Deficient Biological Motion Perception in Schizo-
phrenia: Results from a Motion Noise Paradigm. Frontiers in Psychology 4. doi: 10.3389/fpsyg.2013.
00605 PMID: 24578696

34. Robol V, Tibber MS, Anderson EJ, Bobin T, Carlin P, et al. (2013) Reduced crowding and poor contour
detection in schizophrenia are consistent with weak surround inhibition. PLoS One 8: e60951. doi: 10.
1371/journal.pone.0060951 PMID: 23585865

35. Schallmo MP, Sponheim SR, Olman CA (2013) Abnormal contextual modulation of visual contour de-
tection in patients with schizophrenia. PLoS One 8: e68090. doi: 10.1371/journal.pone.0068090 PMID:
23922637

36. Barlow HB (1956) Retinal noise and absolute threshold. J Opt Soc Am 46: 634–639. PMID: 13346424

37. Dakin S (In Press) Seeing statistical regularities: Texture and pattern perception In: Wagemans J, edi-
tor. Handbook of Perceptual Organization. Oxford: Oxford University Press.

38. Kay SR, Fiszbein A, Opler LA (1987) The positive and negative syndrome scale (PANSS) for schizo-
phrenia. Schizophr Bull 13: 261–276. PMID: 3616518

39. Nelson H, Willison J (1982) The National Adult Reading Test (NART): test manual: NFER-Nelson
PMID: 25077258

Local and Global Visual Processing in Schizophrenia

PLOS ONE | DOI:10.1371/journal.pone.0117951 February 17, 2015 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/16537237
http://www.ncbi.nlm.nih.gov/pubmed/10828411
http://www.ncbi.nlm.nih.gov/pubmed/17081620
http://www.ncbi.nlm.nih.gov/pubmed/17354079
http://www.ncbi.nlm.nih.gov/pubmed/15722006
http://www.ncbi.nlm.nih.gov/pubmed/12369268
http://www.ncbi.nlm.nih.gov/pubmed/9122294
http://www.ncbi.nlm.nih.gov/pubmed/11983794
http://www.ncbi.nlm.nih.gov/pubmed/9505038
http://www.ncbi.nlm.nih.gov/pubmed/17069895
http://www.ncbi.nlm.nih.gov/pubmed/15050865
http://www.ncbi.nlm.nih.gov/pubmed/16844346
http://www.ncbi.nlm.nih.gov/pubmed/10025439
http://dx.doi.org/10.1016/j.biopsych.2008.10.021
http://dx.doi.org/10.1016/j.biopsych.2008.10.021
http://www.ncbi.nlm.nih.gov/pubmed/19054501
http://www.ncbi.nlm.nih.gov/pubmed/16325377
http://www.ncbi.nlm.nih.gov/pubmed/16171844
http://dx.doi.org/10.1167/12.13.18
http://dx.doi.org/10.1167/12.13.18
http://www.ncbi.nlm.nih.gov/pubmed/23262150
http://dx.doi.org/10.3389/fpsyg.2013.00605
http://dx.doi.org/10.3389/fpsyg.2013.00605
http://www.ncbi.nlm.nih.gov/pubmed/24578696
http://dx.doi.org/10.3389/fpsyg.2013.00605
http://dx.doi.org/10.3389/fpsyg.2013.00605
http://www.ncbi.nlm.nih.gov/pubmed/24578696
http://dx.doi.org/10.1371/journal.pone.0060951
http://dx.doi.org/10.1371/journal.pone.0060951
http://www.ncbi.nlm.nih.gov/pubmed/23585865
http://dx.doi.org/10.1371/journal.pone.0068090
http://www.ncbi.nlm.nih.gov/pubmed/23922637
http://www.ncbi.nlm.nih.gov/pubmed/13346424
http://www.ncbi.nlm.nih.gov/pubmed/3616518
http://www.ncbi.nlm.nih.gov/pubmed/25077258


40. Tibber MS, Kelly MG, Jansari A, Dakin SC, Shepherd AJ (2014) An inability to exclude visual noise in
migraine. Invest Ophthalmol Vis Sci 55: 2539–2546. doi: 10.1167/iovs.14-13877 PMID: 24677099

41. Manning C, Dakin S, Tibber M, Pellicano E (In Press) Averaging, not internal noise, limits the develop-
ment of coherent motion processing. Developmental Cognitive Neuroscience.

42. Watson AB, Pelli DG (1983) QUEST: a Bayesian adaptive psychometric method. Percept Psychophys
33: 113–120. PMID: 6844102

43. Brainard DH (1997) The Psychophysics Toolbox. Spat Vis 10: 433–436. PMID: 9176952

44. Pelli DG (1997) The VideoToolbox software for visual psychophysics: transforming numbers into mov-
ies. Spat Vis 10: 437–442. PMID: 9176953

45. Lindenmayer JP, Bernstein-Hyman R, Grochowski S (1994) Five-factor model of schizophrenia. Initial
validation. Journal of Nervous and Mental Disease 182: 631–638. PMID: 7964671

46. Yang E, Tadin D, Glasser DM, Hong SW, Blake R, et al. (2012) Visual Context Processing in Schizo-
phrenia. Clinical Psychological Science.

47. Keane BP, Joseph J, Silverstein SM (2014) Late, not early, stages of Kanizsa shape perception are
compromised in schizophrenia. Neuropsychologia 56: 302–311. doi: 10.1016/j.neuropsychologia.
2014.02.001 PMID: 24513023

48. Miller GA, Chapman JP (2001) Misunderstanding analysis of covariance. J Abnorm Psychol 110: 40–
48. PMID: 11261398

49. Dakin SC, Bex PJ, Cass JR, Watt RJ (2009) Dissociable effects of attention and crowding on orienta-
tion averaging. J Vis 9: 28 21–16.

50. Chong SC, Treisman A (2005) Statistical processing: computing the average size in perceptual groups.
Vision Res 45: 891–900. PMID: 15644229

51. Solomon JA, Morgan M, Chubb C (2011) Efficiencies for the statistics of size discrimination. J Vis 11:
13. doi: 10.1167/11.5.13 PMID: 22207654

52. Im HY, Halberda J (2013) The effects of sampling and internal noise on the representation of ensemble
average size. Atten Percept Psychophys 75: 278–286. doi: 10.3758/s13414-012-0399-4 PMID:
23188732

53. Manning C, Dakin SC, Tibber MS, Pellicano E (2014) Averaging, not internal noise, limits the develop-
ment of coherent motion processing. Dev Cogn Neurosci 10c: 44–56.

54. Tso IF, Carp J, Taylor SF, Deldin PJ (2013) Role of Visual Integration in Gaze Perception and Emotion-
al Intelligence in Schizophrenia. Schizophrenia Bulletin.

55. Chen Y, Norton D, Ongur D (2008) Altered center-surround motion inhibition in schizophrenia. Biol Psy-
chiatry 64: 74–77. doi: 10.1016/j.biopsych.2007.11.017 PMID: 18206855

56. Tadin D, Kim J, Doop ML, Gibson C, Lappin JS, et al. (2006) Weakened center-surround interactions in
visual motion processing in schizophrenia. J Neurosci 26: 11403–11412. PMID: 17079669

57. Braddick O (1993) Segmentation versus integration in visual motion processing. Trends Neurosci 16:
263–268. PMID: 7689769

58. Kelemen O, Kiss I, Benedek G, Keri S (2013) Perceptual and cognitive effects of antipsychotics in first-
episode schizophrenia: the potential impact of GABA concentration in the visual cortex. Prog Neuropsy-
chopharmacol Biol Psychiatry 47: 13–19. doi: 10.1016/j.pnpbp.2013.07.024 PMID: 23954737

59. Norton DJ, McBain RK, Ongur D, Chen Y (2011) Perceptual training strongly improves visual motion
perception in schizophrenia. Brain Cogn 77: 248–256. doi: 10.1016/j.bandc.2011.08.003 PMID:
21872380

60. Barch DM, Carter CS, Dakin SC, Gold J, Luck SJ, et al. (2012) The clinical translation of a measure of
gain control: the contrast-contrast effect task. Schizophr Bull 38: 135–143. doi: 10.1093/schbul/sbr154
PMID: 22101963

61. Keane BP, Erlikhman G, Kastner S, Paterno D, Silverstein SM (2014) Multiple forms of contour group-
ing deficits in schizophrenia: What is the role of spatial frequency? Neuropsychologia 65: 221–233.
doi: 10.1016/j.neuropsychologia.2014.10.031 PMID: 25446968

62. Keane BP, Kastner S, Paterno D, Silverstein SM (2014) Is 20/20 vision good enough? Visual acuity dif-
ferences within the normal range predict contour element detection and integration. Psychon Bull Rev.

63. Punukollu B, Phelan M (2006) Visual acuity and reported eye problems among psychiatric in-patients.
Psychiatric Bulletin 30: 297–299.

64. Viertio S, Laitinen A, Perala J, Saarni SI, Koskinen S, et al. (2007) Visual impairment in persons with
psychotic disorder. Soc Psychiatry Psychiatr Epidemiol 42: 902–908. PMID: 17846698

65. Lin CY, Tsai GE, Lane HY (2014) Assessing and Treating Cognitive Impairments in Schizophrenia:
Current and Future. Curr Pharm Des.

Local and Global Visual Processing in Schizophrenia

PLOS ONE | DOI:10.1371/journal.pone.0117951 February 17, 2015 16 / 17

http://dx.doi.org/10.1167/iovs.14-13877
http://www.ncbi.nlm.nih.gov/pubmed/24677099
http://www.ncbi.nlm.nih.gov/pubmed/6844102
http://www.ncbi.nlm.nih.gov/pubmed/9176952
http://www.ncbi.nlm.nih.gov/pubmed/9176953
http://www.ncbi.nlm.nih.gov/pubmed/7964671
http://dx.doi.org/10.1016/j.neuropsychologia.2014.02.001
http://dx.doi.org/10.1016/j.neuropsychologia.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24513023
http://www.ncbi.nlm.nih.gov/pubmed/11261398
http://www.ncbi.nlm.nih.gov/pubmed/15644229
http://dx.doi.org/10.1167/11.5.13
http://www.ncbi.nlm.nih.gov/pubmed/22207654
http://dx.doi.org/10.3758/s13414-012-0399-4
http://www.ncbi.nlm.nih.gov/pubmed/23188732
http://dx.doi.org/10.1016/j.biopsych.2007.11.017
http://www.ncbi.nlm.nih.gov/pubmed/18206855
http://www.ncbi.nlm.nih.gov/pubmed/17079669
http://www.ncbi.nlm.nih.gov/pubmed/7689769
http://dx.doi.org/10.1016/j.pnpbp.2013.07.024
http://www.ncbi.nlm.nih.gov/pubmed/23954737
http://dx.doi.org/10.1016/j.bandc.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21872380
http://dx.doi.org/10.1093/schbul/sbr154
http://www.ncbi.nlm.nih.gov/pubmed/22101963
http://dx.doi.org/10.1016/j.neuropsychologia.2014.10.031
http://www.ncbi.nlm.nih.gov/pubmed/25446968
http://www.ncbi.nlm.nih.gov/pubmed/17846698


66. Dickinson D, TenhulaW, Morris S, Brown C, Peer J, et al. (2010) A randomized, controlled trial of com-
puter-assisted cognitive remediation for schizophrenia. Am J Psychiatry 167: 170–180. doi: 10.1176/
appi.ajp.2009.09020264 PMID: 20008941

67. Scargle JD (2000) Publication Bias: The “File-Drawer” Problem in Scientific Inference. Journal of Scien-
tific Exploration 14: 91–106.

68. Phillips WA, Silverstein SM (2013) The coherent organization of mental life depends on mechanisms
for context-sensitive gain-control that are impaired in schizophrenia. Front Psychol 4: 307. doi: 10.
3389/fpsyg.2013.00307 PMID: 23755035

69. Delord S, Ducato MG, Pins D, Devinck F, Thomas P, et al. (2006) Psychophysical assessment of
magno- and parvocellular function in schizophrenia. Vis Neurosci 23: 645–650. PMID: 16962008

70. Yoon JH, Maddock RJ, Rokem A, Silver MA, Minzenberg MJ, et al. (2010) GABA concentration is re-
duced in visual cortex in schizophrenia and correlates with orientation-specific surround suppression. J
Neurosci 30: 3777–3781. doi: 10.1523/JNEUROSCI.6158-09.2010 PMID: 20220012

71. Braddick OJ, O'Brien JM, Wattam-Bell J, Atkinson J, Turner R (2000) Form and motion coherence acti-
vate independent, but not dorsal/ventral segregated, networks in the human brain. Curr Biol 10: 731–
734. PMID: 10873810

72. Kourtzi Z, Tolias AS, Altmann CF, Augath M, Logothetis NK (2003) Integration of Local Features into
Global Shapes: Monkey and Human fMRI Studies. Neuron 37: 333–346. PMID: 12546827

73. Anderson E, Tibber M, Schwarzkopf D, Rees G, Dakin S (2012) Population receptive field mapping in
patients with schizophrenia. Perception 41: 157.

74. Must A, Janka Z, Benedek G, Keri S (2004) Reduced facilitation effect of collinear flankers on contrast
detection reveals impaired lateral connectivity in the visual cortex of schizophrenia patients. Neurosci
Lett 357: 131–134. PMID: 15036592

75. Huang PC, Hess RF, Dakin SC (2006) Flank facilitation and contour integration: different sites. Vision
Res 46: 3699–3706. PMID: 16806389

76. Murray MM, Imber ML, Javitt DC, Foxe JJ (2006) Boundary Completion Is Automatic and Dissociable
from Shape Discrimination. The Journal of Neuroscience 26: 12043–12054. PMID: 17108178

Local and Global Visual Processing in Schizophrenia

PLOS ONE | DOI:10.1371/journal.pone.0117951 February 17, 2015 17 / 17

http://dx.doi.org/10.1176/appi.ajp.2009.09020264
http://dx.doi.org/10.1176/appi.ajp.2009.09020264
http://www.ncbi.nlm.nih.gov/pubmed/20008941
http://dx.doi.org/10.3389/fpsyg.2013.00307
http://dx.doi.org/10.3389/fpsyg.2013.00307
http://www.ncbi.nlm.nih.gov/pubmed/23755035
http://www.ncbi.nlm.nih.gov/pubmed/16962008
http://dx.doi.org/10.1523/JNEUROSCI.6158-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20220012
http://www.ncbi.nlm.nih.gov/pubmed/10873810
http://www.ncbi.nlm.nih.gov/pubmed/12546827
http://www.ncbi.nlm.nih.gov/pubmed/15036592
http://www.ncbi.nlm.nih.gov/pubmed/16806389
http://www.ncbi.nlm.nih.gov/pubmed/17108178


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


