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Abstract
The brain’s response to a visual stimulus depends in part on the context in which
it appears. For example, objects appearing within similar-looking backgrounds tend to
evoke smaller neural responses than those seen in isolation. While it is known that
schizophrenia (SZ) may reduce visual context effects, the neural mechanisms involved
are not fully understood. This dissertation uses functional magnetic resonance imaging
(fMRI) and visual behavioral tasks to examine the role of context during normal visual
processing, and how context processing is affected by SZ.
Chapter 1 provides an overview of the forms of contextual modulation that will be
addressed later, and their impairment in SZ. Chapter 2 describes a series of five
experiments probing how factors such as stimulus geometry, presentation timing, and
attention affect the fMRI response to small groups of visual stimuli. In primary visual
cortex, the relative strength of contextual modulation was found to increase when
subjects directed their attention away from the stimuli. Further, fMRI responses to
parallel center and surrounding stimuli did not show the predicted sensitivity to center
contrast.
In Chapters 3 and 4, the effect of spatial context during early visual processing in
SZ patients was assessed using behavioral measures. Surround suppression of perceived
contrast was examined in Chapter 3 among SZ patients and their unaffected relatives, as
well as subjects with bipolar affective disorder (BP), relatives of BP subjects, and healthy
controls. Weaker surround suppression was observed in SZ versus control subjects, while
BP patients showed an intermediate deficit. These deficits did not depend on the
iii

configuration of surrounding stimuli. Normal performance was observed among relatives
of SZ and BP subjects, indicating deficits in surround suppression were not associated
with a genetic risk for these disorders. Chapter 4 examined how SZ impairs the ability to
detect visual contours in cluttered backgrounds. Contours were presented in more- or
less-similar backgrounds, in order to assess contextual modulation. While SZ patients
performed worse than healthy controls or SZ relatives when detecting contours,
performance in SZ was less influenced by background context.
These experiments were designed to explore the neural basis of visual context
processing in healthy adults, and to help uncover how SZ impairs these processes. The
large body of research into the neurophysiology of human vision provides powerful tools
with which to study how SZ may disrupt neural processing. Studying visual context
processing may ultimately help to uncover computational principles conserved across
many neural systems, and aid in identifying new targets for the treatment of mental
disorders.
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Chapter 1 :
Contextual Modulation of Early Visual Processing

One of the major problems in vision research is to understand how neurons
process interactions between visual stimuli. For example, how does the brain’s response
to seeing a zebra alone on the savannah differ from the response to the same zebra seen
within a herd? The neural response to a visual stimulus such as an object depends on the
specific context (e.g., background) in which the object appears. Typically, neurons in
visual cortex respond more strongly to a stimulus that stands out from the background
than one that is similar to the surrounding context (e.g., camouflage; Cavanaugh et al.,
2002). However, in patients with schizophrenia this modulation is diminished, reflecting
an abnormally weak influence of context during visual processing (Butler et al., 2008).
This abnormality may be related to the visual illusions and hallucinations experienced by
some patients with this disorder. However, until we understand the neural processes
underlying context effects in vision, we will not know how schizophrenia impairs these
processes.

Context Processing in Healthy Vision
The pioneering work of Hubel and Wiesel (1962, 1968) showed that for neurons
in primary visual cortex (V1), visual stimuli such as edges or line segments evoke a
response when presented within the spatial region of the classical receptive field (cRF),
1

while those outside do not. They also found that in some cases, increasing the stimulus
size beyond the cRF led to a reduced response. This work led to the study of what has
become known as the extra-classical receptive field (ecRF), a region outside of the cRF
that does not evoke neural responses when stimulated alone, but is capable of modulating
the response to stimuli presented simultaneously within the cRF. Typically, ecRF
stimulation reduces responses compared to cRF stimulation alone, an effect known as
surround suppression. In agreement with Hubel and Wiesel, size-tuning experiments have
shown that stimuli filling the cRF evoke maximal response amplitudes, while larger
stimuli that extend into the ecRF tend to yield smaller responses (DeAngelis et al., 1994;
Angelucci et al., 2002). Results from psychophysical (Cannon and Fullenkamp, 1991)
and functional imaging (Nurminen et al., 2009) size-tuning experiments in humans also
show surround suppression in response to center and surrounding stimuli designed to
match the spatial profile of V1 cRFs and ecRFs, respectively. Thus, larger stimuli that
evoke greater ecRF stimulation tend to produce stronger surround suppression across
experimental paradigms.

Figure 1-1. An example of orientation-dependent surround suppression.
When focusing on the square in the middle, the center of the left stimulus (with an orthogonal surround) is
perceived to have relatively high contrast. The contrast of the physically identical region at the same
position on the right (with a parallel surround) appears much lower.
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The magnitude of surround suppression also depends on the similarity of visual
stimuli appearing within the center and surrounding regions. Stronger suppression is
typically seen when surrounding features match those in the center (e.g., parallel
orientation; Figure 1-1), as shown in electrophysiological (DeAngelis et al., 1994;
Cavanaugh et al., 2002; Shushruth et al., 2012; Henry et al., 2013), psychophysics
(Cannon and Fullenkamp, 1991; Xing and Heeger, 2000; Yu et al., 2001), and fMRI
experiments (Williams et al., 2003; Pihlaja et al., 2008; McDonald et al., 2010). Relative
contrast is somewhat of an exception to this similarity-suppression rule; higher-contrast
surrounds often evoke stronger suppression than is seen with equal center and surround
contrast (Yu et al., 2001; Cavanaugh et al., 2002; Henry et al., 2013). Matching spatial
phase can also produce stronger suppression (Yu et al., 2001; Williams et al., 2003; Xu et
al., 2005), but this appears to depend on the proximity of surrounding stimuli, as the
addition of a small gap (< 0.5°) is sufficient to disrupt phase sensitivity (Yu et al., 2001).
Surround proximity can additionally affect the overall magnitude and sign of modulation;
in some cases surrounds that are widely separated from the center (> 7°) are capable of
facilitating responses (Ichida et al., 2007).

Figure 1-2. Contour integration example.
Collinear Gabor stimuli (5 vertically aligned, 2 rows left of the center fixation square) form the percept of a
coherent line segment or contour within the cluttered background.
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In another form of spatial context modulation, response enhancement is often
observed when oriented visual stimuli may be grouped into a coherent line or contour
(Loffler, 2008). Strong grouping is typically observed when the orientation of each
segment matches the global stimulus orientation. When aligned along the ends of a
central target, flanking line segments can increase neural responses (Polat et al., 1998; Ito
and Gilbert, 1999; Chen et al., 2001) and perceptual detection / discrimination (Freeman
et al., 2001; Zenger-Landolt and Koch, 2001; Freeman et al., 2003), an effect known as
collinear facilitation. For collinear stimuli presented within a noisy or cluttered
background (Figure 1-2), contour integration typically enhances detection /
discrimination (Field et al., 1993; Bonneh and Sagi, 1998; Li and Gilbert, 2002; Dakin
and Baruch, 2009; Schumacher et al., 2011b) and strengthens neural responses measured
via electrophysiology (Bauer and Heinze, 2002; Li et al., 2006; Li et al., 2008a) or
imaging (Altmann et al., 2003; Gilad et al., 2013). Like surround suppression, the
strength of collinear facilitation and contour integration also depends on factors such as
element spacing and relative contrast (Field et al., 1993; Polat et al., 1998). It has been
proposed that surround suppression and collinear facilitation may depend on some of the
same neural circuitry (Angelucci and Bullier, 2003). Electrophysiology (Polat et al.,
1998; Walker et al., 1999; Gilbert et al., 2000) and computational modeling (Zeng et al.,
2011) suggest that stimuli which activate ecRF “end” regions (along the axis of a
neuron’s preferred orientation) may facilitate or suppress cRF responses depending on
the relative center-surround configuration, while “side” regions (tangential to the
preferred orientation) are more likely to evoke suppression. This agrees with recent
4

psychophysical work (Dakin and Baruch, 2009; Schumacher et al., 2011b) examining
how contour integration and surround suppression both depend on factors such as the
relative orientation of contour (end-aligned) and background (side-flanking) elements.
The neural mechanisms underlying spatial context processing are not fully
understood. As surround modulation is orientation selective (i.e., parallel surrounds
typically evoke stronger suppression than those orthogonal to the center), it has been
suggested that these effects originate within early visual cortex, where strong orientation
selectivity is observed (DeAngelis et al., 1994). Anatomical (Angelucci et al., 2002;
Angelucci and Bullier, 2003; Angelucci and Bressloff, 2006) and functional (DeAngelis
et al., 1994; Bair et al., 2003; Ozeki et al., 2004; Roinishvili et al., 2008; Ozeki et al.,
2009; Shushruth et al., 2012; Nassi et al., 2013) studies have suggested that contextual
modulation in V1 may depend on a combination of feed-forward modulation from the
lateral geniculate nucleus (LGN), horizontal connections between distal regions in V1,
and feedback from higher visual areas (e.g., V2 and MT). In particular, many
electrophysiological (Bair et al., 2003; Webb et al., 2005) and behavioral studies (Cannon
and Fullenkamp, 1991; Paffen et al., 2005; Cai et al., 2008) have suggested multiple
neural mechanisms underlie surround suppression, including separate broadly and sharply
orientation tuned components. The role of particular neurotransmitters in contextual
modulation is also not clear; while some studies point to inhibition by γ-amino butyric
acid (GABA; Haider et al., 2010; Ma et al., 2010; Yoon et al., 2010; Adesnik et al., 2012;
Atallah et al., 2012; Nienborg et al., 2013), others suggest excitation by glutamate (and
the withdrawal thereof) may play a larger role in contextual facilitation or suppression
5

(Crook et al., 2002; Ozeki et al., 2004; Ozeki et al., 2009; Shushruth et al., 2012). New
tools such as optogenetics (Adesnik et al., 2012; Atallah et al., 2012; Nienborg et al.,
2013) may further clarify the precise role of different neurotransmitters and circuits
during spatial context modulation in early visual cortex.
Impaired Context Processing in Schizophrenia
In addition to abnormal visual percepts (hallucinations, illusions) experienced by
some patients with schizophrenia (SZ), a number of more subtle visual processing
abnormalities have been observed in this disorder, including weaker modulation by
spatial context. As visual neuroscience is relatively well-studied, understanding how SZ
affects early visual processing offers great potential for elucidating the neural basis of
this disorder (Butler et al., 2008; Phillips and Silverstein, 2013; Yoon et al., 2013;
Notredame et al., 2014). In particular, impairments in visual gain control and integration
(i.e., surround suppression and contour perception) have been highlighted among patients
with SZ (Butler et al., 2008; Phillips and Silverstein, 2013). Paradigms designed to
measure these processes in SZ have been noted for their potential utility in clinical trials
(Gold et al., 2012). However, the precise neural deficits that give rise to such visual
abnormalities are not clear. A better understanding of how spatial context processing is
impaired in SZ may therefore improve diagnosis of this disorder, and help to identify
particular neural abnormalities for which better treatments may be developed.
Weaker surround suppression during contrast perception has been observed
among patients with SZ by multiple groups using different paradigms (Dakin et al., 2005;
Tadin et al., 2006; Yoon et al., 2009; Barch et al., 2012; Robol et al., 2013; Tibber et al.,
6

2013; Yang et al., 2013), including a study using functional MRI in V1 (Seymour et al.,
2013). Another study using magnetic resonance spectroscopy found lower concentrations
of GABA in early visual cortex were associated with diminished surround suppression
across a group of healthy subjects and those with SZ (Yoon et al., 2010). Abnormally
weak surround suppression may be specific to contrast perception; relatively normal
contextual modulation has been reported for other early visual percepts such as
luminance (Tibber et al., 2013; Yang et al., 2013). Some have suggested that deficient
surround suppression in SZ may depend on abnormal contextual modulation of neural
activity within V1 (Yoon et al., 2009; Seymour et al., 2013; Yang et al., 2013). However,
to date it is not known whether this deficit may be attributed to a more specific neural
mechanism in early visual cortex (e.g., horizontal connections within V1, versus
feedback from higher visual areas).
Impaired contour perception has also been consistently reported in SZ (Silverstein
et al., 2000; Parnas et al., 2001; Uhlhaas et al., 2005; Silverstein et al., 2006b; Uhlhaas et
al., 2006; Keane et al., 2012; Butler et al., 2013). A study using fMRI has suggested that
poorer contour integration may depend on weaker activation in early / intermediate visual
areas V2, V3, and V4 (Silverstein et al., 2009). Behavioral and EEG studies of illusory
contour perception have also reported deficits in SZ (Spencer et al., 2003; Spencer et al.,
2004; Foxe et al., 2005; Keane et al., 2014), often attributing them to poorer high-level
shape representations among patients. In contrast, weaker collinear facilitation among SZ
subjects has also been observed (Must et al., 2004; Kéri et al., 2005), suggesting a lower-
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level deficit. Thus, while poorer contour perception is well documented in SZ, it is not
clear at what stage(s) in the visual processing hierarchy such deficits originate.
Significance
Spatial context processing plays an important role in human behavior by helping
to efficiently calculate and encode the salience of visual stimuli. Many spatial context
effects including surround suppression can be explained in terms of a normalization
model (Heeger, 1992; Carandini and Heeger, 2012). In normalization, a neuron’s
response is divided by the summed response of its neighbors, thereby evoking
suppression for stimuli filling the ecRF. It has been proposed that normalization may
reduce redundancy and increase sensitivity of neural responses across multiple brain
systems (e.g., visual, auditory, attentional), thereby making them more efficient.
Both surround suppression and collinear facilitation are believed to play a role in
distinguishing objects from backgrounds (figure-ground segregation), by highlighting the
neural representations of edges relative to homogenous portions of an image (Hubel and
Wiesel, 1968; Polat et al., 1998; Poort et al., 2012; Yoon et al., 2013). Recent studies
have found that the strength of surround suppression increases for stimulus conditions
which evoke greater perceptual grouping, suggesting a role in global pattern perception
(Joo et al., 2012; Joo and Murray, 2013). It has also been suggested that surround
suppression may serve to maintain consistent percepts regardless of viewing conditions.
For example, the appearance of a low contrast center region within a higher contrast
surround is consistent with viewing the center through a medium with imperfect
transmittance such as a tinted glass. An empirical interpretation of surround suppression
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therefore holds that stimulus configurations consistent with imperfect transmittance
evoke stronger suppression than those that are inconsistent (Lotto and Purves, 2001).
Finally, studying the neural computations underlying visual context processing may also
provide insight into conditions in which these processes are impaired, such as in SZ.
It is not yet clear how early visual processing deficits are related to other
problems and symptoms associated with SZ. Deficits in contour perception have been
associated with both visual hallucinations (Spencer et al., 2004) and cognitive
disorganization (Silverstein et al., 2000; Spencer et al., 2004; Uhlhaas et al., 2006; Butler
et al., 2013). It has been proposed that impaired surround suppression and contour
perception in SZ may reflect a broader deficit in “context-sensitive gain control” (Phillips
and Silverstein, 2013); neural activity across the brain may be less precisely modulated
by contextual information. This may impair the ability to form high-level predications
about the environment (e.g., concavity versus convexity of a visual stimulus; Dima et al.,
2009; Dima et al., 2010; Keane et al., 2013), which could lead to misperceptions,
hallucinations, or delusions (Fletcher and Frith, 2009). This framework suggests a
common mechanism may underlie impaired visual processing and some of the positive
and/or cognitive symptoms observed in SZ. However, little to no association has been
found between tasks measuring contour integration, surround suppression, object
encoding and working memory, suggesting these cognitive processes are impaired
separately in SZ (Gold et al., 2012). Interestingly, similar deficits in visual context
processing have also been associated with autism spectrum disorder (Happé, 1996;
Walter et al., 2009; Chouinard et al., 2013), raising the question of whether such
9

impairments may point to neural dysfunction common to multiple disorders. Elucidating
the way in which SZ affects visual context modulation may therefore improve our
understanding of how this disorder (and perhaps others) can impair neural processing
across multiple brain systems.
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Chapter 2 :
Examining Contrast Sensitivity in the V1 fMRI Response during
Iso-Orientation Surround Suppression
Authors: Michael-Paul Schallmo, Andrea N. Grant, Philip C. Burton, and Cheryl A.
Olman
To be submitted to NeuroImage

Summary
Functional MRI data are typically interpreted as measurements of average, local
neural population activity. However, when a neural population encodes multiple aspects
of a stimulus or behavioral state, quantitative inference is difficult. For example, the
modulatory effects of stimulus context, attention, or behavioral task can confound
interpretation of the local BOLD signal in visual cortex. We conducted five fMRI
experiments to understand the contributions of task, timing, and stimulus geometry
during visual context processing. The response to small sinusoidal grating patches with
different surrounding gratings was measured in human subjects using a 7 Tesla scanner
with 1.2 mm isotropic resolution. Target grating patches were presented at 8%, 16% and
32% contrast while manipulating: (1) spatial extent of parallel (strongly suppressive) or
orthogonal (weakly suppressive) surrounds, (2) locus of attention, (3) stimulus onset
asynchrony between the target and surround, and (4) temporal structure of stimulus
11

presentation (blocked versus event-related design). In all experiments, the V1 fMRI
signal was lower when target stimuli were flanked by parallel versus orthogonal context,
as expected. However, only with orthogonal surrounds did we observe the expected
contrast sensitivity; parallel condition responses showed little or no increase above
baseline with greater target contrast.

Introduction
The relationship between neural activity in primary visual cortex (V1) and the
contrast of an individual stimulus is well established. Functional MRI (fMRI) responses
in V1 increase with greater stimulus contrast (Boynton et al., 1996; Boynton et al., 1999;
Zenger-Landolt and Heeger, 2003; Olman et al., 2004; Schumacher et al., 2011a), and
these responses can be predicted based on contrast discrimination psychophysics
(Boynton et al., 1999; Zenger-Landolt and Heeger, 2003). However, understanding how
V1 also encodes contextual interactions between stimuli has proved more challenging, as
the V1 fMRI response does not always reflect the modulation predicted by the spatial
configuration of adjacent stimuli (Schumacher and Olman, 2010; Joo et al., 2012).
The current study uses a surround suppression paradigm to examine the ability of
fMRI to measure the neural representation of visual contrast, and how these
representations are modulated by surrounding context. Surround suppression is a wellstudied example of contextual modulation in V1; a neuron’s response to a stimulus in its
classical receptive field is typically suppressed by simultaneous presentation of
surrounding stimuli (DeAngelis et al., 1994; Levitt and Lund, 1997; Walker et al., 1999;
12

Cavanaugh et al., 2002; Webb et al., 2005; Ichida et al., 2007; Henry et al., 2013;
Shushruth et al., 2013). The magnitude and sign of surround modulation depends on
feature similarity between center and surround, with more similarity typically evoking
greater suppression. Thus, in orientation-dependent surround suppression (ODSS) the
response to a grating is suppressed more by parallel than by orthogonal surrounds.
Psychophysically, parallel surrounds impair contrast detection and discrimination, and
reduce perceived contrast of central targets (Cannon and Fullenkamp, 1991; Snowden
and Hammett, 1998; Xing and Heeger, 2000; Yu et al., 2001; Petrov and McKee, 2006).
The fMRI response in human V1 is also reduced during surround suppression (Williams
et al., 2003; Zenger-Landolt and Heeger, 2003; Pihlaja et al., 2008; Nurminen et al.,
2009; McDonald et al., 2010; Chen, 2014).
The majority of existing fMRI studies of surround suppression have employed
blocked experimental designs (Williams et al., 2003; Zenger-Landolt and Heeger, 2003;
Pihlaja et al., 2008; Nurminen et al., 2009; McDonald et al., 2010), with multiple stimuli
from a single condition presented repeatedly within a block. Schumacher and Olman
(2010) instead used an event-related design to measure the fMRI response during ODSS,
with individual trials presented every 3-6 sec. They found that the V1 fMRI response to
small Gabor patches with parallel flankers did not increase with target contrast, and thus
did not match the response predicted from psychophysics. This pattern was not observed
with orthogonal flankers or when the target stimuli were large annular gratings, for which
fMRI responses reliably increased with higher contrast. The most likely explanation for
these results is that the V1 fMRI response reflected both the local stimulus features and
13

higher order pattern processing. However, the manner in which such pattern responses
may depend on the structure and behavioral demands of the task performed during fMRI
has yet to be determined.
The current study consists of a series of five experiments examining the role of
stimulus geometry, attention, hemodynamics, and experimental design (blocked vs.
event-related) during ODSS. We measured the blood oxygen level dependent (BOLD)
response in early visual cortex to localized targets using high spatial resolution fMRI at 7
Tesla while manipulating both target contrast and the orientation of flanking context.
While V1 fMRI responses with orthogonal surrounding stimuli increased as expected
with higher target contrast, parallel condition responses showed little or no meaningful
contrast sensitivity across experiments.

Methods
2.1 Participants
A total of 12 people (4 female and 8 male, mean age 31 years) participated across
5 experiments. Nine subjects participated in four of the experiments (referred to below as
the Attended Disks, SOA Gabors, Block Gabors, and Distracted Gabors experiments).
Seven of those subjects also took part in a fifth experiment, along with three additional
participants (10 subjects total in the Distracted Disks experiment). All subjects had
normal or corrected-to-normal vision. Five subjects were experienced psychophysical
observers, and four of the subjects were the authors. The experimental protocol was
approved by the University of Minnesota Institutional Review Board. Subjects gave their
14

written informed consent prior to participation, and those who were not authors were
compensated $20 per hour.

2.2 Visual Stimuli
During fMRI, stimuli were projected on a screen mounted inside the bore of the
magnet using a Sony VPL-PX10 or (following an equipment failure) NEC NP4100
projector and were viewed from a distance of 72 cm through a mirror mounted on the
head-coil. Mean luminance was 158 cd/m2 for the original and 79 cd/m2 for the
replacement projector. Display luminance was linearized using custom MATLAB (The
Mathworks, Natick, MA) code. Stimuli were generated using PsychToolbox (Brainard,
1997; Pelli, 1997) and MATLAB on a Macintosh running OSX. Subjects made
behavioral responses during the scan using a 4-button fiber optic response pad (Current
Designs, Philadelphia, PA).
For the psychophysics experiment performed outside the scanner, stimuli from the
Disks experiments (section 2.2.1) were viewed at a distance of 72 cm on a 21” NEC
2190UXi LCD monitor. A Bits++ digital video processor (Cambridge Research Systems,
Kent, UK) provided 14-bit luminance resolution. Mean luminance was 95 cd/m2. Display
luminance was linearized using custom MATLAB code.

2.2.1 Disks
In the first two experiments (Attended Disks and Distracted Disks), stimuli
consisted of a circular target surrounded on a subset of trials by an annulus (Figure 2-1A).
15

Targets and surrounds were sinusoidally modulated luminance gratings with a spatial
frequency of 3 cycles per degree. This stimulus geometry has been used extensively to
investigate the neural and perceptual mechanisms of ODSS (Cavanaugh et al., 2002;
Shushruth et al., 2013). Target gratings with a radius of 0.75° were presented in all four
quadrants of the screen at 3° eccentricity from a central fixation mark (white square, 8
pixels in diameter). Target stimulus orientation was either 45° or 315° from vertical, and
thus gratings were aligned in a radial direction with respect to fixation. Surround annuli
were 0.75° wide with an outer radius of 1.875°. Stimulus mask edges were blurred with a
Gaussian envelope (σ = 0.094°). This blurring reduced the 0.375° gap between target and
surround to a small low-contrast gap (approximately 0.1° wide, average contrast was half
that of the target). Surrounding annuli were always presented at 50% contrast with an
orientation that was either parallel (0°) or orthogonal (90°) to the surrounded target.
When parallel, targets and surrounds had the same spatial phase.

2.2.2 Gabors
Stimuli presented in the other three experiments (SOA Gabors, Distracted
Gabors, and Block Gabors; Figure 2-1B) matched those used by Schumacher and Olman
(2010). Target stimuli were Gabor elements (σ = 0.25°; full width at half-maximum of
0.6°) with a spatial frequency of 3 cycles per degree. Four target Gabors were presented
at 3° eccentricity, one in each visual quadrant, oriented 45° or 315° from vertical, aligned
radially toward fixation. On a subset of trials, two flanking Gabors (same spatial
frequency and bandwidth) were presented with each target Gabor, positioned 1° (center16

to-center) from the corresponding target along a tangential axis relative to fixation.
Flanking Gabors were always presented at 50% contrast, with an orientation that was
either parallel (0°) or orthogonal (90°) to the flanked target.

Figure 2-1. Stimuli and presentation paradigms.
A) Disks stimuli. B) Gabors stimuli. C) Attended Disks event-related paradigm, showing stimuli in one
quadrant. D) Distracted Disks paradigm. Note the fixation task timing is independent from that of the
peripheral gratings. E) SOA Gabors paradigm, illustrating the 200 msec stimulus onset asynchrony. F)
Block Gabors blocked paradigm.
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2.3 Paradigm
Each experiment measured fMRI responses during eight stimulus conditions. All
experiments included a Target Alone condition in which the Michelson contrast of the
targets was 16%, and a Surround Alone condition with surrounds presented at 50%
contrast. The remaining six conditions were combinations of 3 pedestal contrast levels
(8%, 16%, and 32%) and 2 surround configurations (parallel and orthogonal in the Disks,
Block Gabors, and Distracted Gabors experiments; parallel with stimulus-onset
asynchrony of 0 msec and 200 msec in the SOA Gabors experiment). Subjects were
instructed to keep their eyes on the fixation mark at the center of the screen throughout
each experiment. Each scanning session for each experiment contained 8 fMRI scans:
two functional localizers used for region of interest (ROI) definition, and 6 task scans
during which the 8 experimental conditions were presented.

2.3.1 Attended Disks experiment
During the Attended Disks experiment task scans, the stimuli were presented in an
event-related paradigm (Figure 2-1C), with trial-onset intervals of 3 sec, 4.5 sec or 6 sec
(uniformly and randomly distributed). Trials were composed of two 150 msec stimulus
presentations (intervals), each followed by a mean luminance background presented for
750 msec. The 8 conditions were interleaved randomly, with 10 trials for each condition
per scan. Task scan duration was 6.25 min. For one subject in this experiment, task scans
were longer (299 TRs, 7.2 min), with stimuli from each of the eight conditions presented
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12 times, plus an additional 12 presentations of the Surround Alone condition. In this
case, only 4 task scans were completed.
During the task scans subjects performed a 2-interval forced-choice (2IFC) task,
responding to a contrast increment in one of the four target stimuli during one of the two
intervals. The target quadrant and the interval for which the contrast was augmented were
both randomly assigned. In the Target Alone condition the pedestal contrast was 16%; in
conditions with targets and surrounds, pedestal contrasts were 8%, 16% and 32%; in the
Surround Alone condition, pedestal contrast was 0%. For all conditions, the contrast
increment varied between trials (starting value 7.3%, range 1.6 - 40%), and was
controlled by independent 3-down 1-up staircases, converging on 79% accuracy (GarciaPerez, 1998) in order to control task difficulty. Feedback was given after each trial for
200 msec, with the fixation mark turning green for correct responses or red for incorrect
responses.
Because of the small number of trials and the difficulty of performing a rapid
discrimination task in the scanner, contrast discrimination thresholds measured during
scanning were significantly higher than thresholds measured in behavioral sessions
outside the scanner (section 2.4). However, thresholds during scanning were higher in the
presence of parallel versus orthogonal surrounds or no surround (data not shown),
consistent with behavioral data acquired outside the scanner. This reflects the expected
ODSS during contrast perception within the scanning sessions (Yu et al., 2003). As there
were 4 target positions in each of two stimulus presentation intervals, the true average
contrast for each target was larger than the pedestal contrast by approximately 1/8th of the
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threshold contrast increment. Across all the conditions and subjects analyzed, there was
an average increase in target contrast of 1.4% in the Attended Disks experiment.

2.3.2 Distracted Disks experiment
In the Distracted Disks experiment, circular gratings with annular surrounds were
presented in an event-related paradigm as in the Attended Disks experiment. In this
experiment, subjects were instructed to ignore the disks and instead to focus their
attention on a demanding reaction time task presented at fixation (Figure 2-1D). Subjects
monitored the central fixation point for the brief presentation of a black “X”. The
objective of the task was for subjects to press a button before the X disappeared, in order
to earn or retain points (starting value 10). Prior to presentation of the fixation target, a
colored fixation mark cue appeared for a variable duration (1.5 to 3.5 sec). Cues indicated
both that a target was about to appear and that correct performance during the subsequent
fixation trial would allow the subject either to win a single point (green square cue) or to
prevent the loss of a point (red square cue). Failing to respond quickly enough on a wintrial had no effect on the point total, while failing on a loss-trial cost subjects one point.
After each fixation trial, feedback was given for 500 msec (X turned green when earning
a point, red when losing, and blue for no change), and then the current point total was
displayed for 500 msec. Fixation task trials appeared every 5-7 sec and their timing was
independent of the Gabor stimulus presentation. Fixation task difficulty was adjusted
between scans by shortening the duration for which the X was presented, in order to
ensure the attentional demands of the task were sufficiently high. The duration of the X at
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the beginning of a scanning session was 400 msec. If accuracy during the previous scan
was greater than 66%, the X stimulus duration was reduced by 50 msec, and if accuracy
was less than 33%, the duration was increased by 50 msec. Accuracy was moderate
across subjects (mean 64%, S.E.M. 7.1%), suggesting they were engaged in the task but
not performing at ceiling.

2.3.3 SOA Gabors experiment
In the SOA Gabors experiment task scans, target Gabors were presented with
parallel flanking Gabors that appeared with a stimulus-onset asynchrony (SOA) of either
0 msec or 200 msec (Figure 2-1E). Because target duration was 150 msec, targets and
parallel flanking Gabors did not appear on the screen at the same time when SOA was
200 msec. The SOA of 200 msec was chosen because it is sufficiently long to minimize
orientation-dependent masking by the surround (Ishikawa et al., 2006) but too short to
interfere with sluggish hemodynamic effects, such as blood-stealing by regions outside
the target ROI (Shmuel et al., 2002; Zenger-Landolt and Heeger, 2003; Smith et al.,
2004a). Data from one task scan in one subject from SOA Gabors experiment were
excluded because the scan was terminated early. The event-related paradigm matched
that of Attended Disks experiment and subjects performed the same 2IFC contrast
discrimination task (i.e., attention directed to the target Gabor stimuli). During scanning,
larger contrast increments were observed in this task for the 0 msec SOA compared to the
200 msec SOA condition, as expected (Ishikawa et al., 2006). On average, target contrast
increased by 2.2% due to the 2IFC task.
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2.3.4 Distracted Gabors experiment
In the Distracted Gabors experiment, parallel and orthogonal flanking Gabor
stimuli were presented in an event-related paradigm matching the Disks and SOA Gabors
experiments. Subjects performed the demanding fixation task from the Distracted Disks
experiment (Figure 2-1D), in order to divert attention away from the Gabor stimuli.
Accuracy on this task was moderately high (mean 69%, S.E.M. 4.0%), and comparable
with the Distracted Disks experiment.

2.3.5 Block Gabors experiment
During task scans in the Block Gabors experiment, parallel and orthogonal
flanking Gabor stimuli were presented in a mixed block design (Figure 2-1F). In this
experiment, one trial consisted of two 150 msec stimulus presentations with a 500 msec
inter-stimulus interval, and a trial-onset interval of 1.5 sec. Subjects performed the same
2IFC contrast discrimination task as in the event-related design, except the feedback
duration in this experiment was 100 msec. Stimuli from each condition were grouped in
12 sec blocks (8 trials per block) presented in a pseudo-random order, with two blocks of
each condition presented in every scan. Each scan began with a 12 sec block during
which a mean luminance blank screen was presented, and a blank block followed each
stimulus block. Blank blocks consisted of 8 trials during which no flanking Gabors were
present, and the pedestal contrast was 0% while subjects performed a 2IFC contrast
detection task. The structure of the blank blocks equated attentional and task demands
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between blank and stimulus blocks, with the former serving as the response baseline in
this experiment. Each task scan in this experiment lasted 6.6 min. Contrast increments in
the 2IFC task during scanning tended to be higher for parallel versus orthogonal
surrounds, as in the Attended Disks experiment. This task led to an average increase in
target contrast of 2.8%.

2.3.6 Functional Localizers
Disks experiments included functional localizer scans in which Target Alone
stimuli alternated with Surround Alone stimuli in a block design (12 sec per block, 8
Target Alone and 9 Surround Alone blocks; total scan duration 3.2 min). This differential
localizer approach was used in order to minimize signal displacement from the
surrounding region into the target ROI (Olman et al., 2007). Disk and annulus stimuli
matched the geometry used during task scans, and were presented at 80% contrast. The
task during these localizer scans was the same as in Target Alone and Surround Alone
conditions in the Disks experiments, but with a 125 msec stimulus duration, 250 msec
inter-stimulus interval, and 1.5 sec trial-onset interval. The functional localizer for the
Gabors experiments was a single-condition localizer, with 12 sec blocks of 80% contrast
target Gabors (same timing and task structure as above) alternating against 12-sec blank
blocks of 0% pedestal contrast target Gabors.
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2.4 Analysis of behavioral data
In order to estimate the magnitude of the orientation-dependent surround
suppression for the Disks experiment, we conducted a thorough investigation of contrast
discrimination performance outside the scanner in a subset of 3 subjects using the
concentric disk stimuli from the Disks experiments. Contrast discrimination thresholds
for Target Alone, Parallel and Orthogonal conditions were measured at pedestal contrasts
of 0% (detection), 1%, 2%, 4%, 8%, 16% and 32%. When present, surrounds were
displayed at 50% contrast. Thresholds were determined using the Psi adaptive staircase
procedure (Prins and Kingdom, 2009), averaging the threshold values obtained in 3
separate runs, each composed of 40 trials. Thresholds were estimated by fitting a Logistic
function using a Maximum Likelihood criterion and calculating the fit value at 73%
accuracy; threshold estimates smaller than 0.01% or larger than 14% contrast were
excluded (5 data points total). Independent threshold versus contrast (TvC) curves were
fit to data from the Target Alone, Parallel and Orthogonal conditions across 7 pedestal
contrasts using Equation 2-1 (Boynton et al., 1999; Yu et al., 2003) via MATLAB’s
lsqcurvefit.
𝑅 = 𝐴 ∗ 𝐶 𝑝 /(𝐶 𝑝−𝑞 + 𝜎 𝑝−𝑞 )
Equation 2-1

R is the predicted threshold and C is the pedestal contrast.
Table 2-1 shows the best fit parameters for the average TvC data from 3 subjects.
Contrast-response functions (CRFs) were quantified as the integral of the fit TvC curve.
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Table 2-1. Threshold versus contrasts parameters.
Parameters were fit using Equation 2-1 for the average psychophysical results from 3 subjects presented in
Figure 2-2.
Condition

A

p

q

σ

Target Alone

175

1.61

0.49

1.00

Parallel surround

175

3.30

0.41

0.35

Orthogonal surround

175

2.49

0.44

0.40

Figure 2-2. Psychophysics results and predictions.
A) Contrast discrimination thresholds for Disks stimuli obtained outside the scanner, and best-fitting TvC
curves. Error bars show S.E.M. across subjects. B) Estimated Disks contrast-response functions. C)
Predicted pattern of fMRI responses for Disks, normalized to a mean of 1. A power law was used to
describe contrast sensitivity; the exponents shown were obtained by fitting Disks contrast-response
functions from (B) using Equation 2-2. Orthogonal proportionality shown above Parallel.

Psychophysical contrast discrimination thresholds (averaged across 3 subjects) for
the Disks stimuli are shown in Figure 2-2A. For each subject, thresholds were
significantly larger for parallel than for orthogonal surrounds across all pedestal contrasts
(paired 1-tailed t-test, t(17-19) values > 2.1, p-values < 0.036, FDR corrected). CRFs
predicted from TvC curves (Figure 2-2B) showed the expected nonlinear response across
the range of target contrasts used in our fMRI experiments (8-32%). Figure 2-2C shows
the pattern of fMRI responses for the Disks stimuli predicted from the CRFs. Response
amplitudes were normalized to a mean value of 1.
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2.5 Imaging data acquisition
FMRI data were collected at the University of Minnesota’s Center for Magnetic
Resonance Research on a Siemens 7 Tesla scanner equipped with head-only gradients
having a maximum strength of 80 mT/m and a slew rate of 333 T/m/s. A custom-made
radio frequency head coil (4-channel transmit, 9-channel receive; Adriany et al., 2012)
was used for gradient echo (GE) echo-planar imaging (EPI). Images were acquired with a
coronal field of view (FOV) in 18 slices (1.2 mm thick) positioned near the occipital pole
(Figure 2-3A). Image resolution was 1.2 mm isotropic; data were acquired with an inplane parallel imaging acceleration factor (R) of 2. Due to acoustic noise limitations
following gradient maintenance, the following EPI acquisition parameters varied slightly
between scanning sessions: coverage, matrix size, echo time (TE), echo spacing, and
partial Fourier (listed in Table 2-2). The repetition time (TR) was 1.5 sec. Task scans had
250 TRs in the Disks, SOA Gabors, and Distracted Gabors experiments, and 264 TRs in
the Block Gabors experiment, while functional localizer scans had 136 TRs in all
experiments. Total scanning time in each experiment was approximately 1 hr.

Table 2-2. EPI scan parameters.
For each experiment, the number of subjects (# Subj.) scanned with the listed parameters is noted in the
second column. FOV = field of view (imaging coverage in mm). TE = echo time (in msec).
Experiment

# Subj.

FOV (mm)

Matrix Size

TE
(msec)

Echo
Spacing
(msec)

Partial
Fourier

Attended Disks

5

154 x 125

128 x 104

20

0.57

8/8

Attended Disks

4

154 x 135

128 x 112

20

0.70

7/8

Distracted Disks

10

154 x 135

128 x 112

20

0.70

7/8
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SOA Gabors

5

154 x 154

128 x 128

18

0.52

7/8

SOA Gabors

4

154 x 135

128 x 112

20

0.70

7/8

Block Gabors

5

154 x 154

128 x 128

18

0.52

7/8

Block Gabors

4

154 x 135

128 x 112

20

0.70

7/8

Distracted Gabors

5

154 x 125

128 x 104

20

0.57

8/8

Distracted Gabors

4

154 x 135

128 x 112

20

0.70

7/8

2.6 Imaging data processing
During a separate scanning session, a 1 mm isotropic T1-weighted anatomical
scan was acquired, and a retinotopic mapping experiment (Engel et al., 1997; Larsson and
Heeger, 2006) was performed for each subject. Anatomical images were used to generate
gray and white matter surface definition files (SurfRelax; Larsson, 2001). Occipital
patches from inflated white matter surfaces were computationally flattened and used to
visualize functional data when defining regions of interest (ROIs). The retinotopy data
were used to functionally identify early visual areas (V1-3).
Imaging data were first converted from DICOM to NIFTI pair format (dinifti;
http://cbi.nyu.edu/software/dinifti.php). Head motion was corrected using an iterative
least-squares method (AFNI’s 3dvolreg; Cox and Jesmanowicz, 1999). Geometric
distortion compensation was conducted using a field map scan acquired during the EPI
scanning session (FSL’s FUGUE; Smith et al., 2004b). Further data processing and
analysis, including registration of the functional data to the T1 anatomy (Nestares and
Heeger, 2000) was completed using custom software in MATLAB.
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2.7 Functional localization of target ROIs
Within retinotopically defined early visual areas (V1-3), ROIs were identified
from the average of two functional localizer scans. Prior to averaging, the first 8 frames
of each localizer scan were discarded to ensure activation did not reflect artifacts related
to scan onset. Functional localizer scans were detrended by removing the first two
Fourier components, and the two scans were then averaged. The Fourier transform of the
average localizer time series was used to calculate the amplitude and phase of the
response at the stimulus frequency (8 cycles / scan; Engel et al., 1997). Coherence
(unsigned correlation) with stimulus presentation was computed as the 8 cycle / scan
response amplitude divided by the square root of the time series power. Activation was
classified as significant above a threshold coherence level of 0.3 (uncorrected p-value < 6
x 10-4, assuming temporally uncorrelated noise). Phase values within a window of π to
1.6π (6-10 sec peak response lag) were used to identify positive fMRI responses in phase
with the target stimulus presentation. Within each visual area, ROIs consisting of up to
four sub-ROIs were identified based on the position of significantly activated in-phase
voxels on the flattened cortical surface. These consisted of dorsal and ventral sub-ROIs in
the left and right hemispheres, corresponding to the four target stimulus positions (one in
each quadrant). ROIs were then translated to the space of the in-plane functional images
for manual refinement, which ensured that sub-ROIs consisted of a cluster of contiguous,
significantly activated voxels (Figure 2-3B, C, & D).
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Figure 2-3. Functional images and ROI localization.
A) Sagittal view of structural MRI with EPI data overlaid to show imaging coverage and alignment.
Functional slice prescription is outlined. B) In-plane view of functional data. V1 target ROIs (ventral,
bilateral) and V2 target ROIs (dorsal, bilateral) are outlined. C) Axial view of structural MRI showing
resampled positions for left ventral sub-ROI in V1 for five experiments. Voxels from the Attended Disks
experiment are diamonds, Distracted Disks are squares, SOA Gabors are pluses, Distracted Gabors are
circles, and Block Gabors are x-marks. Crosshairs indicate the center of mass across experiments, white
box indicates the region magnified in (D).

The average number of sub-ROIs within V1-3 and the number of voxels they
contained is listed for all experiments in Table 2-3. It was not always possible to identify
four separate in-plane sub-ROIs in all early visual areas for every subject. In particular,
V3 sub-ROIs were identified least reliably. In some subjects, ventral sub-ROIs beyond
V1 could not be identified due to insufficient imaging coverage in the anterior-posterior
direction. As expected, the differential functional localizer for the Disks experiments
produced smaller ROIs than the single-condition localizer used in the Gabors
experiments. The restriction of ROI size by the differential localizer was most striking in
V2 and V3. This may be due to larger receptive field sizes in extrastriate areas (Smith et
al., 2001), which would be expected to limit the number of voxels that selectively
respond to target but not surround stimuli (Olman et al., 2007). Because of the small and
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inconsistent nature of the extrastriate ROIs in the Disks experiments, V2 and V3 ROIs in
these two experiments were not analyzed further.
From published estimates of average cortical magnification factors in human
visual cortex (Engel et al., 1997), we would expect a circular stimulus with a radius of
0.75 deg. presented at 3 deg. eccentricity (as in the Disks experiments) to elicit an fMRI
response across an approximately cylindrical region of V1, extending through the depth
of the gray matter with a radius of 4 mm. Note, however, that V1 surface area and
cortical magnification can vary by as much as a factor of two between subjects (Duncan
and Boynton, 2003). Assuming an average V1 cortical thickness of 2.5 mm, a 4-mm
radius would predict an average volume of activation of 126 mm3, or about 73 voxels at
1.2 mm isotropic resolution. The average sub-ROI size in the Disks experiments was
smaller than this, thus our differential localizer method was successful in identifying
voxels that selectively responded to the target over the surround. Similarly, the target
Gabor stimulus in the Gabors experiments (approximately 1 deg. wide) would be
expected to activate a 2.7 mm radius cylindrical portion of V1, for an activation volume
of 57 mm3, or about 33 voxels. V1 sub-ROIs were smaller than this for the Gabors
experiments on average, from which we conclude that our sub-ROI definition was
conservative in these experiments as well, including only the most strongly modulated
voxels representing the centers of the target Gabors.

Table 2-3. Sub-ROI statistics.
# Sub-ROIs is the average number identified across subjects. # Voxels indicates the average number of
voxels within each sub-ROI. Numbers in parentheses are standard deviation.
V1

V2
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V3

Experiment

# Sub-ROIs

# Voxels

# Sub-ROIs

# Voxels

# Sub-ROIs

# Voxels

Attended Disks

3.7 (0.5)

17 (10)

2.4 (1.1)

8 (11)

1.3 (0.7)

4 (3)

Distracted Disks

3.5 (0.7)

16 (13)

2.2 (1.3)

5 (13)

0.6 (0.8)

2 (1)

SOA Gabors

3.7 (0.7)

25 (15)

3.6 (0.7)

32 (17)

2.6 (0.9)

41 (40)

Block Gabors

3.8 (0.4)

22 (7)

3.3 (0.7)

32 (16)

2.4 (0.5)

41 (38)

Distracted Gabors

3.8 (0.4)

31 (18)

3.6 (0.5)

43 (26)

2.8 (0.7)

48 (66)

2.8 Analysis of fMRI data
FMRI data from task scans were analyzed using a general linear model (GLM).
AFNI’s 3dDeconvolve (Cox, 1996) was used to estimate the fMRI response (percent
signal change from baseline) for each of the 8 stimulus conditions in all voxels. Nuisance
regressors were modeled using the 6 motion parameters (roll, pitch, yaw, displacement in
x, y and z) estimated during motion correction, as well as Legendre polynomials up to
third order to remove temporal trends up to 1/150 sec. The AFNI program 1d_tool.py was
used to censor TRs in which there was excessive motion (defined as a Euclidean norm of
the temporal derivative for the 6 motion parameters above 0.3). For one subject who
participated in all 5 experiments, a large proportion of TRs were censored (26% on
average); this subject was excluded from all experiments due to unreliable data (see
below). For all other subjects, 2.4% of TRs were censored on average (SD = 1.5%), or
about 6 TRs per scan.
Response amplitude estimates were averaged across all voxels in each ROI. For
the event-related experiments, hemodynamic response functions (HRFs) were assessed
separately for each subject and condition at 12 time points (18 sec) following stimulus
onset, and the fMRI response amplitude was quantified as the average response between
3 and 4.5 seconds post-stimulus (the peak response). For the Block Gabors experiment,
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individual HRFs were not estimated; instead a canonical HRF (SPM; Friston et al., 1994)
was used to model the BOLD response, and amplitude was estimated as the beta weight
for each condition regressor. A few subjects in each experiment showed particularly
weak fMRI responses and noisy HRFs. In order to exclude these unreliable data sets, we
calculated the average t-statistic for the estimated response amplitude across all 8
stimulus conditions in each subject. Within every experiment, we retained the 7 subjects
with the highest average t-statistics, and excluded the rest (3 subjects in Distracted Disks,
2 subjects in every other experiment).
The following analyses were conducted using MATLAB. Raw fMRI response
amplitudes were compared across conditions and experiments using a 2-way analysis of
variance (ANOVA), with subjects treated as a random effect. Responses in each ROI for
each subject were then normalized in the following manner: First, responses were divided
by the subject’s mean response across all 8 stimulus conditions, to remove contributions
of experiment design and individual variability in overall response amplitude. Then the
Surround Alone response was subtracted to account for non-specific fMRI responses to
the surround within the target ROI. Note that Surround Alone responses were not
subtracted from Target Alone condition. Normalized fMRI response amplitudes were
compared in a 3-way ANOVA across surround conditions, target contrasts, and
experiments. Contrast (8, 16, and 32%) was treated as a continuous variable. False
discovery rate (FDR) correction was used to adjust p-values from post-hoc tests for
multiple comparisons.
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In order to characterize fMRI contrast sensitivity, we fit responses with the exponential
function shown in Equation 2-2 using MATLAB’s lsqcurvefit.
𝑅 = 𝑎 ∗ 𝐶𝑏
Equation 2-2

This power law models the neural response R as the product of a scalar variable a and the
target contrast C raised to the exponent b. Responses in each surround condition (e.g.,
Parallel and Orthogonal) were fit separately. The Surround Alone condition was included
as a baseline during fitting.
This contrast response analysis depends on a few assumptions that should be
explicitly considered. First, we assume that non-specific responses to the surround within
the target ROI are additive, and thus can be accounted for by subtracting the Surround
Alone response during normalization. In essence, this assumes equal non-specific
surround responses regardless of the target contrast. While we cannot rule out some
dependence of surround responses on the target, this assumption is consistent with
previous studies (Zenger-Landolt and Heeger, 2003; Pihlaja et al., 2008). We additionally
assume that non-specific responses are equal for all surround conditions (e.g., Parallel &
Orthogonal), and that the Surround Alone condition provides a good estimate for these
non-specific responses.
We used this same power law analysis to examine contrast response functions
(CRFs) predicted from psychophysics (Figure 2-2C). Responses were fit by contrast
response exponents of 0.56 and 0.58 for Parallel and Orthogonal Disks, respectively. We
also fit this power law to psychophysical CRFs obtained for the Gabors in our previous
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study (Schumacher and Olman, 2010). Across Parallel and Orthogonal conditions in both
studies, the average exponent value was 0.58. These results agree with psychophysical
(Legge and Foley, 1980; Legge, 1981) and electrophysiological (Albrecht and Hamilton,
1982) work reporting CRF exponents in the range of 0.6.

Results
In five experiments we examined how factors such as target contrast, spatial
context, stimulus geometry, attention, hemodynamics, and experimental design
influenced the local fMRI response in visual cortex. Functional MRI data from 7 subjects
were examined in each experiment. We used 1.2 mm GE EPI at 7 Tesla, in order to
achieve high spatial resolution imaging across early visual cortex with high BOLD
contrast-to-noise ratio (Olman and Yacoub, 2011). Responses in small regions of interest
(ROIs) corresponding to the cortical representation of target stimuli were measured while
varying both the central target contrast and surrounding stimulus configuration.

Figure 2-4. Raw V1 fMRI responses.
Amplitudes are shown for 8 conditions across 5 experiments in 7 subjects. Lines connect responses from
the same subject at different target contrast levels. Filled symbols indicate attention directed to the target
stimuli, open symbols indicate attention directed toward a fixation task.
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Table 2-4. Statistical analyses of raw fMRI responses.
A 2-way ANOVA compared response amplitudes from 5 experiments across 8 conditions in 7 subjects.
Bold indicates a significant effect at α = 0.05.
Raw fMRI responses
Analysis

Test

Statistic

Significance

A. Experiment

ANOVA – Main Effect

F(4,30) = 31.2

p < 0.001

i. Disks: Distracted < Attended

Post-hoc t-test

t(110) = 6.91

p† < 0.001

ii. Gabors:
Distracted < Attended

Post-hoc paired t-test

t(34) = 3.76

p† < 0.001

iii. Gabors: SOA < Block

Post-hoc paired t-test

t(34) = 9.11

p < 0.001

B. Condition

ANOVA – Main Effect

F(7,30) = 50.6

p < 0.001

C. Experiment x Condition

ANOVA – Interaction

F(28,210) = 6.12

p < 0.001

i. Disks: Surround Alone <
Target Alone

Post-hoc paired 1-tailed t-tests

t(6) ≥ 3.07

p† < 0.011

ii. Gabors: Surround Alone ≈
Target Alone

Post-hoc paired 1-tailed t-tests

t(6) ≤ 0.56

p† > 0.8

†

FDR corrected for multiple comparisons.

3.1 Raw fMRI responses in V1
We first used a 2-way ANOVA to compare raw V1 fMRI responses from 5
experiments across 8 stimulus conditions in 7 subjects (Figure 2-4; Table 2-4). We
expected responses would vary across experiments in the following manner: First, larger
responses were anticipated with attention directed toward versus away from the target
stimuli (Buracas and Boynton, 2007; Li et al., 2008b; Murray, 2008). As expected,
Attended Disks responses (across all 8 conditions) were larger than Distracted Disks
(Table 2-4.A.i). Likewise, attended responses for SOA Gabors were larger than those in
the Distracted Gabors (Table 2-4.A.ii; across 5 conditions, 200 msec SOA and
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Orthogonal were not compared due to stimulus differences). Second, we anticipated
larger responses for blocked versus event-related designs (Huettel et al., 2009). Block
Gabors responses were indeed larger than SOA Gabors (Table 2-4.A.iii; across 5
conditions as above). Thus, attending the target stimuli and the use of a blocked design
each increased the overall fMRI response amplitude in V1.
When comparing responses in different stimulus conditions, we examined how
well V1 target ROIs were isolated from the surrounding region by testing whether Target
Alone responses were larger than Surround Alone. We predicted that the differential
localization method (section 2.7) used in the Disks experiments would produce betterisolated ROIs than those obtained from the single-condition localizers in the Gabors
experiments (Olman et al., 2007). Consistent with this prediction, responses were larger
for Target Alone versus Surround Alone in the Disks (Table 2-4.C.i) but not the Gabors
(Table 2-4.C.ii).

Figure 2-5. Normalized fMRI responses in V1.
For each subject, response amplitudes were normalized to a mean of 1 across all 8 conditions, and then
responses to the Surround Alone condition were subtracted. Thin lines show data from individual subjects,
circles and thick lines show group means, error bars show S.E.M. Filled symbols indicate attention directed
to the target stimuli, open symbols indicate attention directed toward a fixation task.
Table 2-5. Statistical analysis of normalized V1 fMRI response amplitudes.
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A 3-way ANOVA compared responses across 5 experiments, 2 surround configurations, and 3 target
contrasts in 7 subjects. Bold indicates a significant effect at α = 0.05, italics indicate a trend at α = 0.10.
Normalized fMRI responses
Analysis

Test

Statistic

Significance

A. Experiment

ANOVA – Main Effect

F(4,30) = 0.92

p = 0.4

B. Surround Configuration

ANOVA – Main
Effect

F(1,30) = 25.4

p < 0.001

i. Block Gabors, Distracted Gabors,
Attended Disks, Distracted Disks:
Parallel < Orthogonal

Post-hoc paired t-tests

t(20) ≥ 3.83

p† < 0.001

ii. SOA Gabors: 0 msec < 200 msec SOA

Post-hoc paired t-test

t(20) = 3.66

p = 0.0015

C. Contrast

ANOVA – Main
Effect

F(1,30) = 102

p < 0.001

D. Experiment x Surround

ANOVA – Interaction

F(4,30) = 3.43

p = 0.020

i. Disks (Orthogonal – Parallel):
Attended < Distracted

Post-hoc t-test

t(12) = 3.17

p† = 0.016

ii. Distracted (Orthogonal – Parallel):
Gabors < Disks

Post-hoc t-test

t(12) = 4.92

p† < 0.001

E. Experiment x Contrast

ANOVA – Interaction

F(4,60) = 1.57

p = 0.2

F. Surround x Contrast

ANOVA – Interaction

F(2,60) = 0.35

p = 0.5

G. Experiment x Surround x Contrast

ANOVA – Interaction

F(4,30) = 2.43

p = 0.069

†

FDR corrected for multiple comparisons.

3.2 Normalized V1 fMRI responses
We normalized fMRI responses in each individual subject by dividing out the
subject’s mean response across all 8 stimulus conditions and then subtracting the
Surround Alone response. This allowed us to compare how responses in different
experiments depended on target contrast and surround configuration, while controlling
for differences in overall response magnitude and non-specific fMRI responses to the
surround. We used a 3-way ANOVA to compare normalized fMRI responses in V1
across 5 experiments, 2 surround conditions and 3 target contrasts in 7 subjects (Figure
2-5; Table 2-5). For all experiments and surround conditions, larger normalized V1
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responses were generally observed with greater contrast (Table 2-5.C.i) as anticipated
(Boynton et al., 1996; Boynton et al., 1999; Zenger-Landolt and Heeger, 2003; Olman et
al., 2004; Schumacher et al., 2011a). However, this effect was modulated by
experimental conditions and surround configuration, as shown below.
Lower responses were observed for Parallel versus Orthogonal surrounding
stimuli (i.e., orientation-dependent surround suppression, ODSS; Table 2-5.B.i), as
expected (Williams et al., 2003; Pihlaja et al., 2008; McDonald et al., 2010). In the SOA
Gabors experiment, we expected larger responses with 200 msec versus 0 msec SOA
(Zenger-Landolt and Heeger, 2003), consistent with neural suppression of the target
response by simultaneous but not delayed parallel flanking Gabors. Responses were
indeed larger with delayed surround onset (200 msec SOA) versus simultaneous
surrounds (0 msec SOA; Table 2-5.B.ii). Additionally, surround suppression was stronger
in some experiments than in others (Table 2-5.D). Of the 10 possible post-hoc
comparisons, we examined 2 for which a difference in ODSS may be attributed to a
change in a single experimental condition between experiments. We calculated the
difference in normalized responses between Orthogonal and Parallel conditions for all
target contrasts, and compared this difference across separate experiments. Previous work
suggests that attending to target stimuli decreases ODSS (Zenger et al., 2000). Consistent
with this prediction, we observed stronger ODSS in the Distracted Disks experiment
versus Attended Disks (Figure 2-5A & B; Table 2-5.D.i). We also expected stronger
ODSS for Disks versus Gabors, because the surrounding stimuli were larger (Pihlaja et
al., 2008; Nurminen et al., 2009). Stronger ODSS was observed for the Distracted Disks
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versus Distracted Gabors (Figure 2-5B & E; Table 2-5.D.ii). However it is not clear
whether this effect holds for attended stimuli; we could not address this question, as
attended Orthogonal Gabor responses were not measured in an event-related design.
Finally, we observed a trend-level 3-way interaction between experiment, surround
condition, and target contrast for the normalized V1 responses (Table 2-5.G). Examining
this interaction more closely allowed us to determine how the V1fMRI response to target
contrast was affected by surrounding stimuli across different experiments.

3.3 V1 fMRI contrast sensitivity
We characterized the contrast response in V1 across different experiments and
surround conditions using an exponential function (Equation 2-2; reprinted in Figure
2-6B). Contrast-response functions are well described by this kind of power law model;
exponents (b) near 0.6 are predicted from human psychophysics (Legge and Foley, 1980;
Legge, 1981) and animal electrophysiology (Albrecht and Hamilton, 1982). This agrees
with our psychophysical contrast response functions for the Disks (Figure 2-2B & C) and
Gabors (Schumacher and Olman, 2010; their Figure 2), which followed a power law with
an average exponent of 0.58 (section 2.8).
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Figure 2-6. V1 fMRI contrast sensitivity.
A) Normalized V1 fMRI responses were fit with an exponential function using Equation 2-2 reprinted in
(B). Lines show the mean and shaded regions show the S.E.M. of the curves across subjects. Symbols show
mean normalized responses, error bars show S.E.M. (identical to the data in Figure 2-5). Filled symbols
indicate attention directed to the target stimuli, open symbols indicate attention directed toward a fixation
task. B) Variables obtained from fitting. Symbols match (A).

Using the exponential function in Equation 2-2, we fit normalized fMRI responses
at 0 (Surround Alone baseline), 8, 16, and 32% target contrast from 2 surround
configurations across 5 experiments in 7 subjects (Figure 2-6A). The variable b
characterized the exponential shape of the fMRI response across target contrast C, while
the variable a served as a multiplicative scalar. Orthogonal exponents (b) clustered
around the expected value of 0.6 across all experiments, indicating good agreement
between Orthogonal fMRI responses and the predicted power law (Figure 2-6B). Parallel
exponents (b) were large in all experiments (often > 1, indicating an accelerating
response), and highly variable across subjects. Further, Parallel scalar values (a) were
clustered around zero, indicating that responses between 8-32% contrast do not increase
much beyond the Surround Alone baseline. Together, these results indicate that Parallel
fMRI responses in our paradigms cannot be modeled by the predicted power law. Finally,
200 msec SOA condition showed exponent values around 1, which indicates a linear
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contrast response rather than the expected saturation. This last result suggests that the
200 msec delay only partially eliminated interactions between the target and the
surrounds.

Figure 2-7. V2 and V3 results.
Normalized fMRI responses in V2 (A-C) and V3 (D-F). Circles show mean responses, error bars show
S.E.M. Filled symbols indicate attention directed to the target stimuli, open symbols indicate distraction.
Thin lines in first row panels show individual subject data. In second row panels, lines show mean fit
contrast response across subjects, shaded regions show S.E.M.

Table 2-6. Statistical results from analyses of V2 and V3 fMRI responses.
Raw responses were compared in 2-way ANOVAs across 3 experiments and 8 stimulus conditions in 7
subjects. Normalized responses were examined in 3-way ANOVAs across 3 experiments, 2 surround
configurations, and 3 target contrasts in 7 subjects. Bold indicates a significant effect at α = 0.05, italics
indicate a trend at α = 0.10.
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V2 and V3 Results
Analysis

Test

Statistic

Significance

ANOVA – Main Effects

F(2,18) ≥ 21.4

p < 0.001

a. V2 Gabors: Distracted < Attended

Post-hoc paired t-test

t(34) ≤ 1.91

p† = 0.065

b. V3 Gabors: Distracted ≈ Attended

Post-hoc paired t-test

t(34) = 0.51

p† = 0.6

c. V2 & V3 Gabors: SOA < Block

Post-hoc paired t-tests

t(34) ≥ 10.7

p† < 0.001

ii. Condition

ANOVA – Main Effects

F(7,18) ≥ 32.2

p < 0.001

iii. Experiment x Condition

ANOVA – Interactions

F(14,126) ≥ 8.33

p < 0.001

Post-hoc paired 1-tailed ttests

t(6) ≤ -0.30

p† > 0.9

i. Experiment

ANOVA – Main Effect

F(2,6) = 0.01

p = 0.9

ii. Surround Configuration

ANOVA – Main Effect

F(1,6) = 4.57

p = 0.046

a. Block Gabors, Distracted
Gabors: Parallel < Orthogonal

Post-hoc t-tests

t(20) ≥ 4.15

p† < 0.001

b. SOA Gabors: 0 msec < 200 msec

Post-hoc t-test

t(20) = 4.64

p < 0.001

iii. Contrast

ANOVA – Main Effect

F(1,6) = 37.7

p < 0.001

iv. Experiment x Surround

ANOVA – Interaction

F(2,12) = 1.13

p = 0.3

v. Experiment x Contrast

ANOVA – Interaction

F(2,12) = 2.23

p = 0.136

vi. Surround x Contrast

ANOVA – Interaction

F(1,12) = 4.41

p = 0.050

vii. Experiment x Surround x Contrast

ANOVA – Interaction

F(2,12) = 3.25

p = 0.063

i. Experiment

ANOVA – Main Effect

F(2,6) = 1.28

p = 0.3

ii. Surround Configuration

ANOVA – Main Effect

F(1,6) = 1.81

p = 0.196

iii. Contrast

ANOVA – Main Effect

F(1,6) = 11.4

p = 0.0034

iv. Experiment x Surround

ANOVA – Interaction

F(2,12) = 0.67

p = 0.5

v. Experiment x Contrast

ANOVA – Interaction

F(2,12) = 9.32

p = 0.0017

vi. Surround x Contrast

ANOVA – Interaction

F(1,12) = 0.29

p = 0.5

vii. Experiment x Surround x Contrast

ANOVA – Interaction

F(2,12) = 1.23

p = 0.3

A. Raw fMRI responses in V2 and V3
i. Experiment

a. V2 & V3 Gabors:
Surround Alone ≈ Target alone
B. V2 normalized fMRI responses

C. V3 normalized fMRI responses

†
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FDR corrected for multiple comparisons.

3.4 Responses in V2 and V3
FMRI responses were also measured in extrastriate areas V2 and V3, however
ROIs in these areas could not be reliably identified in the Disks experiments because the
differential localizer produced such small regions of activation (see section 2.7 and Table
2-3). Therefore, V2 and V3 fMRI responses were examined only in the Gabors
experiments. When comparing raw fMRI response amplitudes across experiments (data
not shown), we expected larger responses with attention and for the blocked experimental
design, as in V1. While blocked responses were larger than event-related in V2 and V3
(Table 2-6.A.i.a), attended responses were only marginally larger than distracted in V2
(Table 2-6.A.i.b & c). We also expected poor isolation of target ROIs from surrounding
regions due to the single-condition localizer and large receptive fields in V2 and V3. This
was demonstrated by the fact that Target Alone responses were not larger than Surround
Alone in V2 and V3 (Table 2-6.A.iii.a).
After normalizing V2 and V3 fMRI responses (Figure 2-7), we observed the
expected ODSS (McDonald et al., 2010) and SOA-dependent suppression (ZengerLandolt and Heeger, 2003) in V2 (Table 2-6.B.ii), but not V3 (Table 2-6.C.ii). Contrast
sensitivity was weak but significant in V2 and V3 (Table 2-6.B.iii & C.iii), consistent
with previous findings (Zenger-Landolt and Heeger, 2003). Interactions between
surround and contrast in V2, and experiment and contrast in V3 were driven by strong
contrast sensitivity in the 200 msec SOA condition of SOA Gabors. Indeed, fit contrast
responses in V2 and V3 showed very weak contrast sensitivity in general (Figure 2-7,
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second row panels), with strong contrast sensitivity observed only in the 200 msec SOA
condition.

Discussion
We conducted five fMRI experiments to quantify surround suppression with
different stimulus geometry, focal attention, surround onset timing, and experimental
design (blocked versus event-related). We observed a larger difference in normalized V1
fMRI response between Orthogonal and Parallel conditions when attention was directed
away from versus toward the Disks target stimuli. This indicated that attention decreased
the magnitude of ODSS in the V1 fMRI response relative to the mean response
amplitude. A reduction in ODSS by attention may serve to increase the salience of central
targets, and aid segmentation of targets from similar background stimuli (Zenger et al.,
2000). To our knowledge, this is the first direct observation of attention reducing ODSS
in human V1. However, Zenger and colleagues (2000) observed stronger perceptual
ODSS during contrast discrimination when subjects performed a concurrent distracting
fixation task, versus when target Gabors were fully attended. Weaker V1 fMRI responses
to peripheral checkerboards have also been observed during more difficult fixation tasks,
consistent with stronger surround suppression in the periphery with greater attentional
demands at fixation (Schwartz et al., 2005). Finally, pharmacological enhancement of
acetylcholine (a neuromodulator implicated in visual attention; Sarter et al., 2005;
Newman et al., 2012) has been found to reduce perceptual ODSS (Kosovicheva et al.,
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2012). All of these reports are consistent with our finding of weaker ODSS in V1 with
attention directed toward target gratings versus a distracting fixation task.
Our results also replicated a number of well-known effects from past fMRI
studies of early visual processing. As expected, directing attention toward the target
stimuli led to an overall increase in response amplitudes across conditions within a
retinotopic region of V1, compared to when subjects performed a demanding fixation
task (Kastner et al., 1998; Tootell et al., 1998; Brefczynski and DeYoe, 1999; Ress et al.,
2000; Müller and Kleinschmidt, 2004; Schwartz et al., 2005; Buracas and Boynton, 2007;
Silver et al., 2007; Li et al., 2008b; Murray, 2008; Bouvier and Engel, 2011; Bressler et
al., 2013; Runeson et al., 2013). Using a blocked experimental design also increased
response amplitudes across early visual areas V1-3 compared with an event-related
paradigm (Huettel et al., 2009). Consistent with ODSS, fMRI responses in V1 were
suppressed when targets were presented with more-similar surrounding stimuli (e.g.,
parallel versus orthogonal; Williams et al., 2003; Zenger-Landolt and Heeger, 2003;
Pihlaja et al., 2008; McDonald et al., 2010; Chen, 2014). Finally, while V1 responses
were sensitive to target contrast (at least in the presence of orthogonal surrounding
stimuli, see below; Boynton et al., 1996; Boynton et al., 1999; Zenger-Landolt and
Heeger, 2003; Olman et al., 2004; Schumacher et al., 2011a), V2 and V3 responses
varied little with contrast, except when the surround onset was delayed by 200 msec, in
agreement with previous findings (Zenger-Landolt and Heeger, 2003). These results
reflect the strong influence of attention, target contrast, and surrounding context on the
V1 fMRI response.
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A major focus of the current study was to characterize how the V1 fMRI response
to target contrast depends on surrounding stimulus context. Psychophysical
measurements demonstrated ODSS of perceived contrast, and predicted larger responses
for higher target contrasts (see Figure 2 and psychophysical data from Schumacher and
Olman, 2010; their Figure 2). Both our psychophysical results and previous studies of
visual contrast-response functions (Legge and Foley, 1980; Legge, 1981; Albrecht and
Hamilton, 1982) indicated that the fMRI response in V1 should follow a power law with
an exponent around 0.6, regardless of surrounding context. However unlike our
predictions, we found that the V1 fMRI response did not consistently reflect changes in
target contrast (8-32%) under all conditions. While contrast responses for orthogonal
stimuli followed the expected power law (exponents around 0.6), parallel condition
responses were not well modeled by such an exponential function, and showed little or no
increase above the baseline measured in the Surround Alone condition. This indicates
that suppression by parallel surrounds overwhelmed sensitivity to target contrast in the
V1 fMRI response by reducing responses to a level near (or in some cases, below) this
baseline non-specific response to the surround. In other words, when there was no
orientation difference between target and surround, the V1 fMRI response in the target
region was dominated by signals representing the surround. In the absence of the
segmentation cue provided by orthogonal surrounds, responses in the target region
appeared to strongly represent grouping of the target and parallel surrounds, rather than
the actual contrast of the target.
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The SOA Gabors experiment was designed to test the hypothesis that neural
suppression (and not hemodynamic effects) produced surround suppression in the V1
fMRI response. Presenting the flanking Gabors 200 msecs after the targets increased the
fMRI response relative to simultaneous targets and flankers. This is consistent with the
200 msec SOA disrupting neural ODSS (Ishikawa et al., 2006), but would not be
expected if suppression depended on sluggish hemodynamics (Zenger-Landolt and
Heeger, 2003). However, contrast response exponents for the 200 msec SOA condition
were larger than expected, which suggests that the 200 msec delay was not long enough
to completely eliminate neural interactions between targets and parallel surrounds.
Comparing between the Disks and Gabors experiments allowed us to examine
how stimulus geometry affected the V1 fMRI response to target contrast during ODSS. A
previous study reported monotonically increasing V1 fMRI responses for large stimuli
with parallel surrounds (i.e., a circular annulus 3.3° wide, spanning ~11 mm on the
cortical surface; Zenger-Landolt and Heeger, 2003), and our group was able to replicate
this finding (Schumacher and Olman, 2010; their Figure 7). However, in the same study
fMRI responses actually decreased with target contrast for small Gabor stimuli (~1°
wide, ~5 mm on the cortical surface) with parallel (but not orthogonal) flankers
(Schumacher and Olman, 2010; their Figure 4). In the current study, the Disks
experiments employed concentric grating stimuli that were larger than the Gabor patches
but smaller than the annular gratings used in previous studies. We did observe an effect
of stimulus geometry on ODSS; the Distracted Disks experiment showed relatively
stronger ODSS when compared with Distracted Gabors. However our results in all
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experiments showed little or no increase in the V1 fMRI response above baseline for 832% contrast targets with parallel surrounds, regardless of geometry. Thus, our Disks
target stimuli were not sufficiently large to produce reliable contrast responses as
measured by fMRI in V1.
In summary, our results show that the magnitude of ODSS in the V1 fMRI
response is reduced when subjects directs attention toward the target stimuli. We also
found that while fMRI contrast response functions in V1 for targets with Orthogonal
surrounds followed the expected power law, responses to targets with parallel surrounds
did not. This highlights the challenge of measuring meaningful fMRI contrast responses
using small stimuli that evoke strong surround suppression.
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Chapter 3 :
Reduced Contextual Effects on Visual Contrast Perception in
Schizophrenia and Bipolar Affective Disorder
Authors: Michael-Paul Schallmo, Scott R. Sponheim, and Cheryl A. Olman
To be submitted to Schizophrenia Bulletin

Summary
The perceived luminance contrast of a visual stimulus is often reduced by nearby
stimuli. This surround suppression effect may help locate object edges by enhancing
subtle differences between objects and backgrounds. Previous work has shown weaker
surround suppression among people with schizophrenia. Studying this deficit may help
identify impaired neural processing mechanisms in schizophrenia, as the neurobiology of
the visual system is relatively well known. By examining surround suppression among
subjects with schizophrenia or bipolar affective disorder, their unaffected biological
relatives, and healthy controls we sought to determine whether diminished surround
suppression was specific to schizophrenia, and if subjects with a genetic risk for either
disorder would show similar deficits. Measuring perceived contrast in different surround
conditions allowed us to additionally investigate how this suppression depends on the
similarity of center and surrounding stimuli. We found weaker surround suppression
among patients with schizophrenia, regardless of surround configuration. Subjects with
bipolar affective disorder showed an intermediate deficit, with stronger suppression than
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in schizophrenia but weaker than control subjects. Relatives of patients with either
disorder showed normal performance. This is the first observation that reduced surround
suppression is associated with both schizophrenia and bipolar affective disorder, but not
with a genetic risk for these disorders. Further, our results indicate this impairment is not
sensitive to the configuration of surrounding stimuli, implicating a deficit in broadlytuned (rather than sharply orientation- or direction-selective) suppression mechanisms.
This deficit is consistent with impaired suppression at an early stage of visual processing
(e.g., LGN or V1).

Introduction
The human visual system exhibits context-specific processing, such that the
neural response to an object depends on nearby objects or backgrounds. One well-studied
example of this is known as surround suppression, wherein the response to an object is
reduced in the presence of similar nearby stimuli (Cavanaugh et al., 2002). The perceived
contrast (difference in brightness) of a target is also reduced by surrounds with similar
features (orientation, direction of motion; Snowden and Hammett, 1998; Yu et al., 2001),
an effect that is reminiscent of camouflage. Surround suppression is believed to play an
important role in visually detecting edges and distinguishing objects from backgrounds.
Patients with schizophrenia (SZ) show a number of visual processing
abnormalities including hallucinations, and it has been suggested that studying these
impairments may provide insight into the neural underpinnings of this disorder, as visual
neuroscience is relatively well-studied (Butler et al., 2008; Phillips and Silverstein, 2013;
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Yoon et al., 2013; Notredame et al., 2014). A number of recent studies have shown
weaker surround suppression among SZ patients compared with healthy controls (HC;
Dakin et al., 2005; Tadin et al., 2006; Yoon et al., 2009; Tibber et al., 2013; Yang et al.,
2013). However, it is not clear whether this deficit is specific to SZ, or if it is also
observed in other psychiatric conditions, such as bipolar affective disorder (BP). Further,
it is not known whether persons with a genetic risk for such disorders, such as firstdegree biological relatives of schizophrenia (SZrel) or bipolar affective disorder patients
(BPrel), show similar deficits in surround suppression. Finally, the extent to which
diminished surround suppression in SZ depends on the similarity between targets and
surrounding stimuli is not well established.
The current study examines suppression of visual contrast perception by
surrounding stimuli among SZ and BP patients, SZrel, BPrel, and HC subjects, to
determine whether deficits in surround suppression are present in each group. We varied
the configuration of surrounding stimuli to examine how such deficits depend on the
similarity between center and surround. While surround suppression was impaired for SZ
and to a lesser extent BP patients, unaffected relatives showed no deficit, indicating that
such abnormalities are not closely linked to genetic risk for these disorders, and thus may
not serve as endophenotypes. Weaker surround suppression may instead reflect the extent
to which psychiatric disease processes impair healthy functioning at an early level of
visual processing.
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Methods
Participants
Thirty-two outpatients with schizophrenia (SZ), 1 patient with schizoaffective
disorder – depressed type (grouped with SZ for analysis), 23 patients with bipolar
disorder (BP), 7 patients with schizoaffective disorder – bipolar type (grouped with BP),
28 unaffected first-degree biological relatives of schizophrenia patients (SZrel), 11
unaffected first-degree biological relatives of bipolar patients (BPrel), 10 unaffected firstdegree biological relatives of patients with schizoaffective disorder – bipolar type
(grouped with BPrel), and 45 healthy control subjects (HC) were recruited to participate
in this study. Diagnoses were made by a doctorate-level clinical psychologist using the
DSM-IV-TR (APA, 2000), Structured Clinical Interview for DSM Disorders (First,
1997), and Psychosis Module from the Diagnostic Interview for Genetic Studies
(Nurnberger et al., 1994). Following consensus diagnosis, one SZrel and one BPrel were
found to have diagnoses of SZ and BP, respectively. We retained these subjects in the
relative groups, as re-running our analyses with them excluded yielded an equivalent
pattern of results. Additionally, we re-ran our analyses excluding schizoaffective disorder
– bipolar type patients, to explore whether grouping them with BP patients affected our
pattern of results. Equivalent results were obtained once again, thus we opted to keep
these subjects in the BP group.
The following exclusion criteria were used during subject recruitment: English as
a second language, mental retardation, history of central nervous system disorder, head
trauma with significant loss of consciousness, electroconvulsive therapy, current alcohol
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abuse or drug dependence. All subjects had normal or corrected-to-normal visual acuity.
HC subjects had no history of schizophrenia, bipolar disorder, or other psychotic disorder
diagnoses for themselves and their first-degree biological relatives. Subjects provided
written informed consent prior to participation and were compensated $15 per hour. The
experimental protocol was approved by the Institutional Review Boards of the University
of Minnesota and the Minneapolis VA Medical Center.
Subjects reported their parents’ level of education using a 7-point rating scale
(Schallmo et al., 2013). IQ was estimated using the Wechsler Adult Intelligence Scale
(WAIS-III; Jeyakumar et al., 2004). The following behavioral measures were used to
assess psychiatric symptom levels: Brief Psychiatric Rating Scale (BPRS; Overall and
Donald, 1962), Scale for the Assessment of Negative Symptoms (SANS; Andreasen,
1982), Scale of the Assessment of Positive Symptoms (SAPS; Andreasen, 1984), and
Schizotypal Personality Questionnaire (SPQ; Raine, 1991). Medication levels were
converted to chlorpromazine (CPZ), mood stabilizer, and anti-depressant equivalent
doses (Andreasen et al., 2010).

Stimuli
Sine wave grating stimuli were generated using MATLAB (The MathWorks,
Natick, MA) and Psychtoolbox (Brainard, 1997; Pelli, 1997) on a MacMini running
OSX, and were displayed on a 19 inch Dell monitor that subtended 35.1 x 26.7 degrees of
visual angle at a viewing distance of 61cm. Display luminance was linearized using
custom software. Mean luminance was 84 cd/m2. Center stimuli comprised two circular
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sine wave grating patches 1° in diameter, with a spatial frequency of 2 cycles per degree,
presented at 2° eccentricity to the left and right of a central fixation mark (blue square 8
pixels across) along the horizontal meridian. Gratings drifted at a rate of 3.75 cycles per
second. The orientation of the central grating and direction of stimulus motion was
randomly assigned on each trial from an even distribution of 4 possible orientations
between 0 and 135°, each with 2 relative directions of motion (0 or 180°).
Different stimulus conditions were defined by the presence and configuration of
an annular sine wave grating stimulus surrounding one of the circular gratings (Figure
3-1). We refer to the center presented with the surround as the target, and the center
presented alone as the reference. We included different surround conditions in order to
examine how similarity between target and surrounds (e.g., orientation, direction of
motion) would affect perception of target contrast. In the Parallel condition, surrounding
gratings were parallel (0°) in orientation relative to the target stimuli, and had the same
spatial phase. The inner diameter of the surround was 1°, so target and surround were
abutting. The Gap condition was identical to the Parallel condition, except that a 0.1°
mean luminance gap separated the target and surround. The addition of a gap was
intended to mitigate the contribution of brightness induction on the perceived target
contrast (Yu et al., 2001), effectively reducing the strength of surround suppression. In
the Orthogonal condition, abutting target and surround stimuli were presented with an
orthogonal or perpendicular (90°) relative orientation. The Opposite condition was
identical to the Parallel condition, except that the stimuli in the target and surround
drifted in opposite directions. Note that in Figure 3-1, this condition is illustrated with
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target and surround having opposite spatial phase to convey that the opposite drift
direction disrupts the relative phase relationship between the two. Both the Orthogonal
and Opposite configurations were expected to reduce the magnitude of the surround
suppression effect; previous experiments have demonstrated weaker surround
suppression for centers and surrounds with different orientations or directions of motion
(Yu et al., 2001; Cavanaugh et al., 2002; Paffen et al., 2005). Finally, there was a None
condition in which no surround stimulus was presented. When present, the outer diameter
of the surround was 3°. Surrounds were displayed at 70% Michelson contrast, and target
contrast was 50%. The position of the target and surround versus reference stimuli (left or
right) was randomly assigned on each trial.

Figure 3-1. Surround suppression stimuli.
Left panel illustrates the stimulus layout, with Reference (left, no surround, identical to the None condition)
and Parallel condition stimuli (right) offset horizontally from a central fixation square.

Paradigm
Subjects were asked to fix their eyes on the central square and use their peripheral
vision to compare the contrast of the target and reference. In each trial, stimuli were
presented for 300 msec, following which subjects indicated which center stimulus (left or
right) was higher contrast by pressing the corresponding arrow key. Response time was
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not limited. After a response was made there was a 400 msec interval prior to the next
trial onset during which the fixation mark was displayed. Twenty-five trials were
presented for each condition in a random intermixed order, which composed one run.
Each subject completed at least 4 runs. Prior to the start of the experiment, subjects were
shown a set of static example stimuli while the task was explained. Subjects were told
that one center stimulus would sometimes be presented with a surround, but to focus on
comparing the contrast of the two centers while ignoring the surround. Next, 15 practice
trials were completed during which stimuli from the None condition were presented,
followed by 15 practice trials with stimuli from the Gap condition. The total experiment
duration including practice was approximately 10 minutes.
This task was designed to measure the perceived contrast of the target center. For
the first 85 subjects, the contrast of the reference was adjusted across trials using a 1-up,
1-down staircase method to determine the point of subjective equality between perception
of target and reference contrast. This method converges on the reference contrast
perceived as higher 50% of the time (Garcia-Perez, 1998), which we refer to as the
threshold contrast. For the remaining 72 subjects, reference contrast was adjusted across
trials using the Psi adaptive staircase procedure to determine the threshold contrast (Prins
and Kingdom, 2009). Thresholds were measured separately in each run for each surround
condition, in order to determine how surrounding stimulus configuration affected target
contrast perception. Reference contrast varied in a range between 14 and 74% contrast,
with a starting point of either 40 or 60% (on alternating runs). Target contrast was always
50%.
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Analysis
For data collected using the 1-up, 1-down staircase method described above,
thresholds were defined as the average contrast from the last 6 trials in the staircase in
each condition. For the Psi staircase data, the 50% threshold value and corresponding
psychometric function slopes were calculated by fitting a Logistic function to the
staircase responses using a Maximum Likelihood criterion (Prins and Kingdom, 2009).
The guess rate and lapse rate were both set to 4%. Staircases with Psi thresholds values
less than 0% or greater than 100% were excluded. Out of 1140 such staircases, 196 were
excluded in this manner. We saw no significant difference in thresholds between the two
staircase methods (ANOVA, F(1,145) = 0.13, p = 0.7), therefore data from both were
combined in all subsequent analyses.
We examined the distribution of thresholds using Kolmogorov–Smirnov and
Levene’s tests, which showed our data were normally distributed with equal variance
across groups. Primary statistical analyses were performed using repeated measures
analyses of variance (ANOVA), with subject treated as a random effect and nested within
group. Post-hoc comparisons were conducted using Tukey’s Honestly Significant
Difference (HSD) test, or Pearson’s correlation with Bonferroni correction for multiple
comparisons. In order to quantify the relative effect of different surround configurations
on contrast perception, contextual modulation indices were calculated by subtracting
Parallel condition thresholds from thresholds in the Gap, Orthogonal, and Opposite
conditions in each run for every subject.
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Enhancement
A number of datasets acquired using either of the staircase methods showed
thresholds around 70% (i.e., 20% enhancement relative to the 50% contrast target) for all
or most of the conditions in which the surround was presented. This contradicts the wellestablished pattern of perceived contrast suppression for a central target presented with a
higher-contrast surround (Snowden and Hammett, 1998; Yu et al., 2001). We believe that
these subjects failed to follow the task instructions and erroneously compared the
reference contrast to the surround contrast, which was 70% across conditions, thus
producing thresholds that resembled enhancement of perceived target contrast. Therefore,
data sets with three or more threshold values from surround-present conditions greater
than or equal to 60% (averaged across runs), and zero thresholds less than or equal to
40%, were analyzed as a separate Enhancement group. Data from 10 SZ, 11 BP, 3 SZrel,
4 BPrel, and 7 HC subjects showed a pattern of enhancement; thus 23 SZ, 19 BP, 25
SZrel, 17 BPrel, and 38 HC subjects were retained in the final analyses.
The distribution of subjects exhibiting enhancement did not vary significantly
across diagnosis groups (Χ 2(4) = 8.27, p = 0.082). No differences in threshold were
observed between conditions in which the surround was present (ANOVA, F(3,30) = 0.93,
p = 0.4). Further, thresholds did not differ across groups (F(4,30) = 1.78, p = 0.16), and we
did not observe a significant group by condition interaction (F(16,120) = 1.49, p = 0.11),
indicating that thresholds among Enhancement subjects did not depend on diagnosis
group. Contextual modulation indices from the Enhancement group also did not vary
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across condition (F(2,30) = 0.41, p = 0.6), further demonstrating that surround modulation
did not depend on stimulus configuration for these subjects. However, we did observe a
significant difference in contextual modulation indices between groups (F(4,30) = 3.70, p =
0.013); post-hoc tests indicated that the 3 SZrel subjects in the Enhancement group had
higher contextual modulation indices than all other Enhancement subjects. Overall, data
from the Enhancement group are not consistent with feature-selective surround
modulation (Yu et al., 2001; Cavanaugh et al., 2002; Paffen et al., 2005), but instead
appear to indicate that subjects were responding to surrounding stimulus contrast (70%),
rather than perceived center target contrast (~50%). Failing to follow task instructions in
this way would produce thresholds around +20% in all surround-present conditions
regardless of stimulus configuration, as we observed. Data from the Enhancement group
were excluded from further analyses.

Results
Statistical tests for differences between groups in demographics and self-report
measures are reported in Table 3-1.
Table 3-1. Subject demographic information.
All data are presented as mean (standard deviation) unless otherwise noted. Data are presented for subjects
retained in the final analyses. Bold indicates significant results at α = 0.05, italics indicate a trend at α =
0.10.
Index

SZ
(n = 23)

SZrel
(n = 25)

BP
(n = 19)

BPrel
(n = 17)

HC
(n = 38)

Statistics

Age (years)

45 (9)

44 (11)

44 (11)

41 (14)

44 (12)

F(4,117) = 0.37,
p = 0.8
Χ 2(4) = 14.4,
p = 0.0060

Gender (n)
Male

18

8

15

11
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23

Female

5

17

4

6

15

Education (years)

13.7 (2.0)

14.6 (2.3)

14.2 (1.6)

14.4 (1.3)

15.2 (1.9)

F(4,103) = 2.11,
p = 0.084

Parents’ Education
(7-point scale)

5.1 (1.2)

4.5 (1.1)

4.6 (1.2)

4.8 (0.7)

4.6 (1.3)

F(4,113) = 0.93,
p = 0.4

Estimated IQ

93 (20)

104 (14)

105 (14)

113 (19)

106 (16)

F(4,104) = 3.50,
p = 0.010

Overall
Symptomatology
(BPRS Total
Score)

47 (12)

31 (7)

39 (10)

34 (9)

28 (4)

F(4,116) = 22.1,
p < 0.001

Schizotypal
Characteristics
(SPQ Total Score)

35 (17)

7 (7)

24 (16)

16 (14)

7 (7)

F(4,92) = 19.7,
p < 0.001

Negative
Symptoms (SANS
Total Score)

36 (18)

19 (15)

F(1,40) = 11.5,
p = 0.0016

Positive
Symptoms (SAPS
Total Score)

26 (23)

10 (14)

F(1,40) = 6.68,
p = 0.014

CPZ Equivalents

831 (831)

524 (554)

F(1,23) = 0.89,
p = 0.3

Mood-stabilizer
Equivalents

636 (580)

700 (301)

F(1,12) = 0.07,
p = 0.7

Anti-depressant
Equivalents

259 (260)

63 (72)

F(1,18) = 5.80,
p = 0.027

We sought to determine how surrounding stimulus configuration affected
perception of target contrast among SZ and BP patients, their unaffected first-degree
biological relatives, and healthy controls. To do so, we adjusted the contrast of a
reference center stimulus using a staircase procedure to quantify the point of subjective
equality between reference and target (threshold contrast). Five different center-surround
stimulus conditions were used: Parallel, Gap, Opposite, Orthogonal, and None (Figure
3-1). Thresholds for each condition in each group following exclusion (see Methods) are
presented in Figure 3-2, with SZ, BP, and HC groups shown together in Figure 3-2A, and
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SZrel, BPrel, and HC groups in Figure 3-2B. Conditions are arranged in Figure 3-2 with
greatest center-surround feature similarity (Parallel) on the left, to least (Orthogonal) on
the right, followed by the None condition in which no surround was present.

Figure 3-2. Surround suppression task thresholds.
A) Data from HC, SZ, and BP groups. Surround configurations are shown across the x-axis. Thresholds are
plotted on the y-axis as the change in perceived contrast relative to the 50% contrast target; negative values
indicate suppression. Error bars show the standard error of the mean (S.E.M.). Asterisks indicate significant
differences in thresholds between groups (Tukey’s HSD, p < 0.05). B) Data from HC, SZrel, and BPrel
groups.

We first performed an omnibus analysis, using an ANOVA to compare threshold
contrasts across all surround conditions and subject groups. A main effect of condition
was observed (F(4,117) = 97.0, p < 0.001), indicating that surround configuration
significantly affected target contrast perception. Collapsing across groups, thresholds
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differed significantly in post-hoc tests between each surround condition, with lower
thresholds when center and surround were more similar (Parallel < Gap < Opposite <
Orthogonal < None; Tukey’s HSD, p < 0.05). This matches the expected form of
configuration-dependent surround suppression (Yu et al., 2001; Cavanaugh et al., 2002;
Paffen et al., 2005): greater feature similarity (e.g., orientation and direction of motion)
evoked greater suppression of perceived center contrast. We also observed a main effect
of subject group (F(4,117) = 2.70 p = 0.034); post-hoc tests showed that SZ subjects had
significantly higher thresholds than all other groups (averaged across all conditions),
while BP subjects showed higher thresholds than HC, BPrel and SZrel groups, but
smaller thresholds than SZ subjects (p < 0.05; Figure 3-2A). No differences in thresholds
were observed between HC, SZrel and BPrel groups (Figure 3-2B). These results indicate
that surround suppression is greatly diminished among SZ subjects (Dakin et al., 2005;
Tadin et al., 2006; Yoon et al., 2009; Barch et al., 2012; Tibber et al., 2013), reduced
among BP subjects (but less so than in SZ), and equally strong among relatives with a
genetic risk for SZ or BP compared with HC subjects.
We next sought to determine whether suppression deficits among patients were
more evident in certain conditions. Although the group by condition interaction was not
significant (F(16,465) = 1.35, p = 0.16), we conducted planned post-hoc tests for differences
between groups within each surround condition. Post-hoc tests revealed significantly
weaker suppression of perceived contrast in the Parallel and Opposite conditions among
SZ versus HC, SZrel, and BPrel subjects (Tukey’s HSD, p < 0.05). None of the other 44
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comparisons between subject groups within each condition were significant using
Tukey’s HSD.
To further examine how surround similarity affected the strength of suppression,
Contextual Modulation Indices were computed as the difference in perceived contrast
between the Parallel and Gap, Orthogonal, or Opposite conditions. Indices differed across
conditions as expected (2-way ANOVA, 3 conditions x 5 groups; F(2,115) = 76.6, p <
0.001). However, we saw no significant effect of group (F(4, 115) = 0.25, p = 0.9), and no
interaction between group and condition (F(8, 221) = 1.25, p = 0.2). These results indicate
that different surround configurations evoked similar changes in contrast perception
across all subject groups, relative to the Parallel condition.
We also examined relationships between task performance and subject
demographic data to determine whether such factors might be related to the magnitude of
surround suppression. Although gender composition differed across groups (Table 3-1),
including gender as a between-subjects factor did not affect the results from our analysis
of thresholds. Also, no significant correlations were observed between thresholds and any
of the following factors: age, education, parents’ education, symptomatology scores
(BPRS, SANS, SAPS, and SPQ), or medication levels. We did observe significant
negative correlations between estimated IQ and thresholds in the Parallel, Gap, and
Opposite conditions (r(105-107) < 0.34, p = 0.016, Bonferroni corrected). This indicates that
across diagnosis groups, subjects with higher IQ showed stronger surround suppression in
these conditions, consistent with recent findings in healthy subjects (Melnick et al.,
2013). Because subjects in the Schizophrenia group had significantly lower IQ than those
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in other groups (Table 3-1), we assessed the contribution of IQ to surround suppression
by performing a secondary analysis. This analysis compared thresholds for subjects with
IQ scores in the top 50th percentile for each group. All such subjects had estimated IQ
scores ≥ 99. This analysis again showed a significant difference in surround suppression
between groups (F(4,48) = 3.29, p = 0.018). Post-hoc tests revealed weaker surround
suppression across conditions for SZ and BP subjects versus HC (p < 0.05), although the
difference between BP and SZ was no longer significant. Across the high IQ sub-group,
IQ scores were not significantly correlated with thresholds in any condition (r(51) < 0.2, p
> 0.5). Thus, IQ scores alone cannot account for our observation of diminished surround
suppression among SZ and BP subjects.
Next, we chose to more closely examine whether the level of current psychotic
symptoms among SZ and BP patients may be associated with deficits in surround
suppression. Previous work has reported an association between reduced visual illusion
strength and greater psychotic symptom levels (Keane et al., 2013). To examine this
relationship in our paradigm, we calculated sub-indices of positive and manic symptoms
based on responses from the BPRS, and similar scores for negative symptoms, thought
disorders, or hallucinations and delusions based on responses to the SANS and SAPS
(Wilson and Sponheim, 2014). These 5 sub-scores (BPRS positive, BPRS mania, SANS
negative, SAPS thought disorder, and SAPS hallucinations / delusions) were examined
for correlations with perceived contrast changes among SZ and BP patients. As we
observed equivalent deficits among patients across surround conditions, sub-scores were
correlated with the average change in perceived contrast from the Parallel, Gap,
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Opposite, and Orthogonal conditions, in order to reduce multiple comparisons. Of the 10
correlations examined, none were significant (r < 0.31, p > 0.153, uncorrected). This
suggests little or no relationship between current symptomatology and the magnitude of
visual surround suppression among SZ and BP patients.
Finally, we sought to determine whether differences in thresholds between
conditions and groups might be attributed to non-visual factors such as off-task
performance (e.g., lapses of attention, lack of effort; see Barch et al., 2012; Tibber et al.,
2013). To do so, we conducted two additional analyses, the first of which compared the
standard deviations of the threshold measurements for each subject across the 4 runs. We
supposed that if subjects in a particular group had a higher level of off-task performance,
than this could lead to less stable threshold estimates, and greater threshold variability
across runs. However, groups did not show significantly different threshold standard
deviations (F(4,117) = 0.39, p = 0.8). We also examined psychometric function slopes for
subjects who completed the Psi staircase version of our task (see Methods). Greater slope
values indicate a more reliable perceptual transition at the threshold contrast value; thus
we expected that greater off-task performance would be associated with smaller (less
reliable) slope values. We found no evidence for any difference in slopes across groups
(F(4,52) = 0.66, p = 0.6). While these results cannot disprove the notion that off-task
performance contributed to the pattern of thresholds observed across subject groups, they
do not lend support to it.
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Discussion
The aim of this study was twofold: First, we investigated whether a putative
deficit in surround suppression is specific to SZ or is also observed in BP and/or
unaffected first degree biological relatives of patients. Second, we examined how such
deficits might depend on similarity between center and surrounding stimuli. We observed
overall weaker surround suppression of perceived contrast among patients with SZ, and
to a lesser extent those with BP, compared with their unaffected relatives and HC
subjects. The magnitude of this deficit did not depend strongly on the configuration of
surrounding stimuli. Diminished surround suppression is fairly well established among
SZ subjects, having been observed by a number of groups using different paradigms and
stimuli (Dakin et al., 2005; Tadin et al., 2006; Yoon et al., 2009; Barch et al., 2012;
Robol et al., 2013; Schallmo et al., 2013; Seymour et al., 2013; Tibber et al., 2013; Yang
et al., 2013). Here we have demonstrated for the first time that BP patients also show
weaker surround suppression, albeit to a lesser degree than those with SZ. Our results are
also the first observation that the magnitude of perceptual surround suppression does not
depend on genetic risk for SZ or BP, as SZrel and BPrel showed equivalent suppression
to HC subjects.
Overall, we found little evidence to support a specific deficit in suppression for
particular surround configurations; no group by condition interaction was observed for
thresholds, and contextual modulation indices did not vary significantly across groups.
The most parsimonious explanation for these results is that patients with SZ show a broad
deficit in the strength of surround suppression that is not selective for surrounding
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stimulus features. This proposal contrasts with previous findings showing weaker
surround suppression in SZ for parallel but not orthogonal stimuli (Yoon et al., 2009;
Seymour et al., 2013). However, those two studies employed larger (2.2 or 3.3° wide)
lower spatial frequency (both 1.1 cycles per degree) annular gratings that were presented
more peripherally (3.3 or 6.2° eccentricity) than our stimuli (1° diameter circular
gratings, 2 cycles per degree, 2° eccentricity). One might therefore attribute this
discrepancy to differential activation of neural pathways in early visual cortex tuned to
particular stimulus features (e.g., a larger magnocellular contribution in processing the
large, low frequency, peripheral stimuli in the previous studies). Our stimuli were not
designed to be biased toward parvocellular (P) or magnocellular (M) processing, nor
were those used by Yoon and colleagues (2009), as stated in their Discussion.
Nevertheless, the stimulus differences may have been sufficient to yield divergent results.
It is not clear precisely how surround suppression depends on spatial frequency
and eccentricity (Petrov and McKee, 2006), or M versus P pathways (Cudeiro and Sillito,
1996; Solomon et al., 2002). However, if surround suppression is stronger for M neurons
(Solomon et al., 2002), or orientation selectivity of suppression is sharper at low spatial
frequencies (Cudeiro and Sillito, 1996), then this may help explain the difference
between our results and those of others noted above. It is worth noting that a specific
deficit in M contrast sensitivity among SZ patients has been proposed (Butler et al.,
2005), though this has been disputed (Skottun and Skoyles, 2007). Further study is
warranted to clarify how M versus P pathways contribute to perceptual surround
suppression in both the healthy visual system and in those with SZ.
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Surround suppression is believed to be driven by multiple neural processes whose
anatomical substrates include feed-forward, recurrent, lateral, and feedback connections
within and between early visual cortical areas (e.g., primary visual cortex, V1; Angelucci
and Bressloff, 2006; Shushruth et al., 2012). Previous work suggests that these separate
processes include an early stage that is insensitive to the configuration of surrounding
stimuli, and a later stage that is more sharply tuned (Paffen et al., 2005; Webb et al.,
2005; Cai et al., 2008; Henry et al., 2013; Chen, 2014). This early stage produces a
baseline level of suppression in the presence of a surrounding stimulus (regardless of
configuration), and may operate at the level of the lateral geniculate nucleus of the
thalamus, or at the input layers of primary visual cortex (Webb et al., 2005; Angelucci
and Bressloff, 2006). The later stage is believed to evoke additional suppression with
greater strength for surrounds that are more similar to the center stimulus, consistent with
intracortical mechanisms that are more strongly selective for visual stimulus features.
Thus, our observation of weaker suppression among SZ and BP patients across surround
configurations appears consistent with a deficit in this putative early stage, suggesting an
impairment in neural suppression at the level of the LGN or V1.
Abnormal inhibition by the neurotransmitter γ-ammino butyric acid (GABA) has
been reported in SZ (Lewis et al., 2005; Gonzalez-Burgos and Lewis, 2008; Hashimoto et
al., 2008; Yoon et al., 2010; Rokem et al., 2011; Kelemen et al., 2013). One study
measured lower GABA concentrations in visual cortex among SZ versus HC subjects
using magnetic resonance spectroscopy, and found lower GABA correlated with weaker
surround suppression (Yoon et al., 2010). If surround suppression deficits do indeed
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depend on GABA, then our results may point to the unique impairment of a particular
sub-type of GABA neurons among SZ and BP patients. The role of GABAergic
inhibition during surround suppression is not yet fully understood (Ozeki et al., 2004;
Ozeki et al., 2009; Haider et al., 2010). However, recent work indicates that early- and
late-stage suppression may involve different sub-types of GABAergic neurons in V1. The
activity of Parvalbumin-positive (PV+) neurons appears consistent with early un-tuned
suppression, while Somatostatin-positive (SOM+) inhibition more closely matches the
later sharply tuned component described above (Ma et al., 2010; Adesnik et al., 2012;
Atallah et al., 2012; Nienborg et al., 2013). Thus, our observation of weaker surround
suppression across conditions in SZ and BP may suggest a deficit in an early un-tuned
suppression mechanism, which may be consistent with impaired PV+ GABAergic
functioning. Our results also suggest that the inclusion of BP subjects, as well as multiple
stimulus conditions designed to probe the neural mechanisms underlying surround
suppression (Nurminen and Angelucci, 2014), may benefit future studies of GABAergic
functioning in SZ.
Dakin and colleagues (2005) reported weaker surround suppression in patients
with SZ, but normal suppression among a psychiatric control group, compared with
healthy controls. Diagnoses varied among the 13 psychiatric control subjects in their
study, including bipolar affective disorder as well as personality disorder, post-traumatic
stress disorder, and treatment-resistant mood disorders (the number of subjects with each
diagnosis was not provided). Studying a larger group of subjects (n = 19) with more
homogenous diagnoses allowed us to observe a modest deficit in surround suppression
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among BP subjects in the current study. However, reports of impaired visual processing
in both SZ and BP are not without precedent; one group found equivalent deficits among
SZ and BP subjects in a shine-through Vernier masking task (Chkonia et al., 2012). This
result differs from other studies showing normal masking in BP (Goghari and Sponheim,
2008; Sponheim et al., 2012; Jahshan et al., 2014), which may reflect differences in
patient group composition and/or task requirements (e.g., Vernier vs. object configuration
discrimination). Additionally, in a rapid serial visual presentation task (Jahshan et al.,
2014), SZ subjects showed strongly impaired letter identification at intervals expected to
evoke an attentional blink effect, while BP subjects showed a more modest impairment
(intermediate to SZ and HC). Thus, our observation of a moderate deficit in surround
suppression in BP might reflect a shared impairment in visual context processing among
patients with psychotic mental disorders, as suggested by some of the reports above (but
see also Chen et al., 2005; Kéri et al., 2005).
Previous work has also examined visual processing in patients and their
unaffected relatives, in order to assess how a genetic risk for mental illness might
contribute to task performance (Kéri et al., 2001; Must et al., 2004; Chkonia et al., 2010;
Sponheim et al., 2012; Schallmo et al., 2013). Studies of backward masking have
reported impairments to varying degrees among SZrels (Kéri et al., 2001; Must et al.,
2004; Chkonia et al., 2010; Sponheim et al., 2012). In contrast, we have previously
reported normal performance among SZrels in a visual contour detection task, as well as
a normal modulation by surrounding stimulus orientation (Schallmo et al., 2013). A
distinction between temporal and spatial masking may explain the discrepancy between
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our observation of normal surround suppression among relatives and previously reported
impairments in backward masking. Additionally, one study reported normal masking
effects among BPrels (Kéri et al., 2001), which is consistent with our report of normal
surround suppression in this group. Normal performance in SZrel and BPrel subjects
suggests that deficient surround suppression reflects the clinical expression of psychotic
disorders, rather than marking genetic liability for such conditions.

Conclusion
We observed weaker visual surround suppression among subjects with SZ versus
HC and relatives, while BP subjects showed an intermediate deficit. Deficits among
patients did not depend on surrounding stimulus configuration, as suppression was
weaker across conditions. Reduced surround suppression was not associated with a
genetic risk for SZ or BP, as both groups of relatives exhibited normal performance.
While higher IQ correlated with stronger surround suppression, our secondary analysis
showed that high-IQ BP and SZ subjects also showed reduced suppression versus HC,
and thus results did not appear consistent with a generalized deficit among patients. We
conclude that disease processes associated with SZ, and to a lesser extent BP, reduce
surround suppression of perceived contrast regardless of center-surround similarity. This
deficit is consistent with reduced suppression at an early stage of visual processing such
as the LGN or V1, and/or weaker PV+ inhibition. These mechanisms may therefore serve
as fruitful targets for future research into the neural underpinnings of these mental
disorders.
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Chapter 4 :
Abnormal Contextual Modulation of Visual Contour Detection in
Patients with Schizophrenia
Authors: Michael-Paul Schallmo, Scott R. Sponheim, Cheryl A. Olman
PLOS ONE (2013), 8(6), e68090.

Summary
Schizophrenia patients demonstrate perceptual deficits consistent with broad
dysfunction in visual context processing. These include poor integration of segments
forming visual contours, and reduced visual contrast effects (e.g. weaker orientationdependent surround suppression, ODSS). Background image context can influence
contour perception, as stimuli near the contour affect detection accuracy. Because of
ODSS, this contextual modulation depends on the relative orientation between the
contour and flanking elements, with parallel flankers impairing contour perception.
However in schizophrenia, the impact of abnormal ODSS during contour perception is
not clear. It is also unknown whether deficient contour perception marks genetic liability
for schizophrenia, or is strictly associated with clinical expression of this disorder. We
examined contour detection in 25 adults with schizophrenia, 13 unaffected first-degree
biological relatives of schizophrenia patients, and 28 healthy controls. Subjects
performed a psychophysics experiment designed to quantify the effect of flanker
orientation during contour detection. Overall, patients with schizophrenia showed poorer
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contour detection performance than relatives or controls. Parallel flankers suppressed and
orthogonal flankers enhanced contour detection performance for all groups, but parallel
suppression was relatively weaker for schizophrenia patients than healthy controls.
Relatives of patients showed equivalent performance with controls. Computational
modeling suggested that abnormal contextual modulation in schizophrenia may be
explained by suppression that is more broadly tuned for orientation. Abnormal flanker
suppression in schizophrenia is consistent with weaker ODSS and/or broader orientation
tuning. This work provides the first evidence that such perceptual abnormalities may not
be associated with a genetic liability for schizophrenia.
Introduction
In everyday visual perception, objects and paths are defined by visual contours.
Contour detection is a perceptual process that is critical for identifying visual edges and
boundaries, plays an important role in figure-ground segmentation, and is essential for
locating and recognizing objects (for a review see Loffler, 2008). Contours are sometimes
composed of individual elements that are spatially separated, for example when one
object occludes part of another. When broken contours are encountered during normal
vision, attributes or features such as the contrast, spacing, and relative orientation of
contour elements, as well as curvature, closure, and contour length strongly influence
perception, as demonstrated in psychophysical (Field et al., 1993; Bonneh and Sagi,
1998; Li and Gilbert, 2002), electrophysiological (Li et al., 2006), and neuroimaging
experiments (Altmann et al., 2003). These observations are in general agreement with the
rules of perceptual organization, such as proximity, continuity and similarity, as
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described in Gestalt psychology (Wertheimer, 1938). Patients with schizophrenia perform
worse than healthy controls in contour integration paradigms (Silverstein et al., 2000;
Parnas et al., 2001; Uhlhaas et al., 2005; Silverstein et al., 2006b; Uhlhaas et al., 2006;
Silverstein et al., 2009), but the manner in which stimulus features affect this perceptual
deficit is not fully understood.
Not only do the features of a visual contour affect perception, but the context (or
background) in which a contour appears also modulates perceptual saliency, an effect
commonly referred to as contextual modulation. Orientation-dependent surround
suppression (ODSS) is one form of contextual modulation that applies to a broad range of
stimuli; the perceptibility of a target is affected by the position and relative orientation of
nearby stimuli. Recent psychophysical work in the field of contour perception has shown
that parallel flanking elements tend to suppress perception of target contours, while
orthogonal flankers cause less suppression, in agreement with ODSS (Dakin and Baruch,
2009; Kingdom and Prins, 2009; Schumacher et al., 2011b; Robol et al., 2012). Extensive
investigations of contextual effects during early visual processing have been made among
healthy subjects in past decades, and several groups have recently demonstrated weaker
surround suppression effects among patients with schizophrenia compared with controls
(Dakin et al., 2005; Tadin et al., 2006; Yoon et al., 2009; Tibber et al., 2013; Yang et al.,
2013); but see (Chen et al., 2008; Barch et al., 2012).
Both contour integration and surround suppression have been highlighted as
examples of well documented visual abnormalities in schizophrenia whose investigation
may provide insight into the neural underpinnings of this disorder (Butler et al., 2008).
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However, it is not yet known to what extent genetic liability for schizophrenia may
contribute to such abnormalities. Further, previous investigations of contour integration
deficits in schizophrenia have not specifically examined the role of surrounding stimulus
orientation during task performance. Thus, it is not clear how surround suppression
deficits in schizophrenia may affect contour perception. In order to better understand the
neural mechanism(s) underlying impaired contour detection and abnormal ODSS in this
disorder, we examined the performance of patients with schizophrenia, unaffected firstdegree biological relatives of schizophrenia patients, and healthy controls during a
contour detection paradigm, while manipulating the local orientation context in which
target contours appeared. Computational modeling allowed us to separately and
quantitatively characterize baseline task performance, the strength of contextual
modulation, and its dependence on flanker orientation.
Methods
Summary
Patients with schizophrenia, unaffected first-degree biological relatives of
schizophrenia patients, and healthy control subjects were recruited to perform a contour
detection task. Subjects detected an open vertical contour within a briefly presented array
of Gabor stimuli (Gaussian-enveloped sinusoidal luminance modulation, see Figure 4-1).
Target contours were presented either to the right or to the left of fixation and were
flanked by Gabors that were parallel, orthogonal or randomly oriented relative to the
vertical contour, which defined the stimulus condition. Our group has previously
examined contour detection in healthy adults using this paradigm (Schumacher et al.,
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2011b). Task performance was quantified in terms of contour detection thresholds
corresponding to the level of orientation jitter for which a subject would detect target
contours with 79% accuracy.

Figure 4-1. Example stimuli.
Top, Random condition. Target contours (composed of 5 Gabors) were presented in a vertical line in the
second column to either the right (as shown in top example) or left of fixation. The Gabors horizontally
adjacent to possible target positions are termed flankers, and were oriented randomly in this condition. The
distribution of flanker orientations is shown at the top of each panel in brackets. Bottom left, zoomed
region to show detail of Parallel condition. Average orientation of flankers (four bracketed sets) is parallel
to the vertical contour axis. Target contour is presented on the left in both bottom panels. Flankers
surrounded both possible target contour locations on every trial. Bottom right, detail of Orthogonal
condition. Flankers (bracketed) are on average oriented orthogonal to the vertical target contour.

Participants
Twenty eight outpatients (25 with schizophrenia, 3 with schizoaffective disorder –
depressed type), 15 first-degree biological relatives of schizophrenia patients, and 29
healthy controls were recruited through the VA Hospital in Minneapolis, MN.
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Participants were excluded according to the following criteria: English as a second
language, mental retardation, current alcohol abuse/drug dependence, current or past
central nervous system condition, history of head injury with skull fracture or substantial
loss of consciousness, history of electroconvulsive therapy, age less than 18 or greater
than 60. Healthy controls were absent diagnoses of bipolar disorder and any psychotic
disorder in themselves and their first-degree biological relatives.
The Structured Clinical Interview for DSM Disorders and the Psychosis Module
of the Diagnostic Interview for Genetic Studies (First, 1997) were completed with each
participant, and DSM-IV-TR diagnoses (APA, 2000) were made by a doctoral-level
clinical psychologist. All participants had psychiatric functioning assessed using the Brief
Psychiatric Rating Scale (BPRS; Overall and Donald, 1962), with controls and relatives
additionally completing the Schizotypal Personality Questionnaire (SPQ; Raine, 1991).
IQ was estimated from the Wechsler Adult Intelligence Scale (WAIS-III; Jeyakumar et
al., 2004). Parental education was assessed among patients and controls using a 7 point
scale self-report questionnaire, with 1 corresponding to completing 7th grade or less, and
7 indicating completion of a graduate degree. Mean education score from both parents
was taken for each subject. Medication dosages for schizophrenia patients were converted
to Chlorpromazine equivalents (in milligrams; Andreasen et al., 2010). Demographic data
are presented in Table 4-1. Age, parental education, and SPQ scores were not different
between groups. Gender distributions differed, with more males than females recruited
among patients. BPRS scores were higher, and years of education were lower for patients
and relatives than for controls. Estimated IQ was marginally different between groups,
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and tended to be lower among patients than controls. All participants had normal or
corrected-to-normal vision.
Ethics statement
Experimental protocols were approved by Institutional Review Boards at the
University of Minnesota and Minneapolis VA Medical Center. Subjects gave written
informed consent prior to participation, and were paid $15 per hour. The researcher
conducting the consent process provided a description of the protocol, outlined the
potential risks and benefits of participation, and explained that the decision to participate
had no bearing on services obtained at the VA Medical Center, including psychiatric
treatment for patients, as stated in the consent form. Individuals who declined to
participate in the study were not disadvantaged in any way.
Table 4-1. Subject group demographics.
Index

Scz (n = 25)

Rel (n = 13)

Cont (n = 28)

Statistics

Age (years)

41.8 (11.9)

40.1 (14.7)

45.1 (11.6)

F(2,63) = 0.88, p = 0.42

Gender (n) 1

Χ 2(2) = 8.24, p = 0.02

Female

4

7

14

Male

21

6

14

13.5 (1.5)

13.2 (1.4)

15.2 (1.8)

F(2,63) = 9.83, p < 0.01

97.8 (17.6)

107 (17.2)

109 (12.2)

F(2,57) = 3.15, p = 0.05

4.8 (1.2)

NA

5.0 (1.12)

F(1,51) = 0.48, p = 0.49

42.7 (13.1)

31.9 (6.4)

27.6 (4.02)

F(2,61) = 18.5, p < 0.01

NA

15.5 (13.9)

9.7 (6.52)

F(1,29) = 2.61, p = 0.12

270 (219)

NA

NA

NA

Education (years) 2
3

Estimated IQ (from
WAIS-III)
Parental Education a
4

Overall Symptomatology
(BPRS Total Score)
Schizotypal Characteristics
(SPQ Total Score)
CPZ Equivalents b
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All data are presented as Mean (Standard Deviation), unless otherwise noted.
Cont = healthy control group, Rel = first-degree relative group, Scz = schizophrenia patient group. WAISIII – Wechsler Adult Intelligence Scale, 3rd Edition. BPRS = 24-item Brief Psychiatric Rating Scale. SPQ
= Schizotypal Personality Questionnaire. NA = not applicable.
a
Parental education was assessed using a self-report questionnaire on a 7 point rating scale (see Methods).
b
Medication dosages were calculated in Chlorpromazine equivalents (mg).
1
There was a marginally significant difference in gender distribution between patients and healthy controls
following Yates’s and Bonferroni corrections, Χ 2(1) = 5.37, p = 0.06.
2
Education was significantly higher among the healthy control group compared with both patients and
first-degree relatives, Tukey’s HSD, p < 0.05.
3
There was a marginally significant difference between the Estimated IQ scores for patients and healthy
controls, Tukey’s HSD, p = 0.05.
4
BPRS scores were significantly lower among the healthy control group compared with both patients and
first-degree relatives, Tukey’s HSD, p < 0.05.
Estimated IQ data were not obtained for 6 healthy controls subjects. One first-degree relative did not report
parental education. One healthy control and one first-degree relative did not complete the BPRS. Eight
healthy controls and two first-degree relatives did not complete the SPQ.

Stimuli
Stimuli were presented using MATLAB (The MathWorks) and Psychtoolbox
(Brainard, 1997; Pelli, 1997) software on a MacMini running OSX. Images were
displayed on a Dell 19” monitor that subtended 35.1 x 26.7 degrees of visual angle at a
viewing distance of 61 cm. Monitor color look-up table was linearized using custom
software. Stimuli consisted of Gabor patches in grids of 15 x 15 elements. Grids
subtended 12°. Vertical target contours comprised five aligned Gabors of the same spatial
phase located at 1.6° eccentricity to the left or right of the central fixation square. Each
Gabor consisted of a 2 cycles per degree sine wave grating modulated by a Gaussian
envelope (σ = 0.17°), spaced 0.8° from one another (i.e., 1.6λ separation, where λ is the
wavelength of the sine wave grating). Spacing, carrier frequency and eccentricity were
selected to maximize flanker orientation effects based our previous work (Schumacher et
al., 2011b). Gabors were presented at 80% contrast. Background was set to mean gray.
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Orientation of non-target, non-flanker Gabors was random, but differed by at least 30°
between cardinal neighbors to prevent perception of an unintended contour.
Contour detection thresholds were measured for three conditions. In the Random
condition, Gabors immediately to the right and left (termed flankers) of the contour were
randomly oriented (Figure 4-1, top). In the Parallel and Orthogonal conditions, flanker
orientation was drawn from a uniform distribution with ± 45° range centered on 0° or 90°
relative to the vertical contour, respectively (flankers bracketed in Figure 4-1, bottom).
Note that the orientation of flankers adjacent to both possible target positions (left and
right) was drawn from the flanker distribution, regardless of target location on a given
trial. This was done to prevent flanker orientation from providing a cue for target
detection.
Procedure
Subjects were instructed to use their peripheral vision to detect a contour either to
the right or to the left of fixation, and to press the corresponding arrow key. Task
difficulty was controlled by varying orientation jitter within the contour. Relative
orientation of contour elements was adjusted in steps of 4.5° of jitter (range 0 – 45°).
Jitter increased after three consecutive correct responses, and decreased after one
incorrect response. This 3-up 1-down staircase converges on a contour detection
threshold at the jitter level for which targets are detected with 79% accuracy (GarciaPerez, 1998). The task was organized into blocks of 30 trials. Flanker orientation was
held constant within blocks. Subjects completed at least 3 blocks per condition (9 total).
The order of blocks was pseudo-randomized.
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At trial onset, the fixation mark appeared for 500 msec. Stimuli were then
presented for 150 msec. Response time was not limited. Feedback was given for 100
msec after each response. The fixation mark turned green after correct or red after
incorrect responses, then disappeared for 500 msec. Total minimum inter-stimulus
interval was 1.1 sec. At next trial onset, the fixation mark (and subsequent stimulus array)
was randomly moved within 0.5° of the center of the screen. This eliminated the
possibility of successfully performing the task by fixating on potential target positions.
Fixation and target positions never overlapped in sequential trials. Task performance was
monitored by research staff. Reaction times (RTs) were measured for each trial. Median
RTs within blocks were compared between groups in a repeated measures analysis of
variance, with subjects nested within groups (abbreviated ANOVA in Results). RTs were
not different between groups (F(2,64) = 0.89, p = 0.42). Median RT across subjects was
633 msec.
Prior to the beginning of main experiment, subjects saw three example stimuli
sequentially to ensure task comprehension. In these examples, jitter increased from 0° to
13.5°. Subjects next practiced the task before data collection. Practice consisted of at least
two sets of 8 trials, continuing until subjects achieved > 80% accuracy. Contour jitter
during the two practice sessions was 0° and 4.5°, respectively. Flanker orientation during
practice was random.
Analysis
Contour detection thresholds were obtained for each block of 30 trials by taking
the mean jitter level of the last 3 trials in each block. Thresholds were not calculated if
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the jitter value was 0° for more than 3 of the last 5 trials in a block, as this indicated
performance at floor level. Thresholds were also not calculated if the standard deviation
of the jitter values during the last 5 trials was greater than 3.5°, because this indicated
unstable performance at the end of the block, which would produce an unreliable
threshold estimate. Of 765 runs in all subjects, 39 thresholds were not estimated due to
floor performance, and 105 were not estimated due to poor convergence. The
distributions of excluded runs did not differ between groups (Χ 2(2) values < 4.44, p values
> 0.10). Subjects were excluded from further analyses if they had fewer than 5 total
threshold estimates, or zero thresholds in any condition. Data from 3 patients with
schizophrenia, 2 relatives of schizophrenia patients, and 1 healthy control were excluded
in this way. The observed pattern of results was not altered by data exclusion. Data from
25 schizophrenia patients, 13 relatives, and 28 controls were included in the final
analyses. Contextual modulation indices were calculated for Parallel and Orthogonal
blocks for each subject by taking contour detection thresholds and subtracting the
subject’s mean Random condition threshold. When appropriate, p values were corrected
for multiple comparisons using Tukey’s Honestly Significant Difference (HSD) or False
Discovery Rate (FDR) corrections.
Computational modeling
The following model was used to characterize the dependence of task
performance on flanker orientation:
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T  T0  cs N s ( rel 0,  2s )
Equation 4-1

where T is the observer’s contour detection threshold, and T0 sets the performance
baseline. The term cs scales the amplitude of flanker suppression, which is defined by Ns,
a circular normal function:
cos( rel   ) 1

 s ( rel  ,  )  e
2
s



2
s

Equation 4-2

Using a mean (μ) of 0°, its magnitude is a function of average flanker orientation relative
to the contour (θrel = 0, 45°, or 90°), and its orientation tuning width is set by s. Contour
detection thresholds from all three flanker conditions for schizophrenia patients and
healthy controls were fit with this model using MATLAB’s lsqcurvefit function. T0 was
constrained within the interquartile range of patient and control Orthogonal thresholds, cs
was constrained between 0 and the (negative) upper limit of T0, and s between 0 and
360°. Statistical significance for parameter differences between groups was assessed
using a bootstrap procedure, resampling subject data within groups with replacement
across 2000 iterations.
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Figure 4-2. Contour detection thresholds.
Mean contour detection thresholds are plotted for 28 healthy controls (circles), 13 first-degree relatives
(squares), and 25 patients with schizophrenia (triangles) for the Parallel, Random, and Orthogonal
conditions. Example contours with 4.5° jitter (bottom) and 31.5° jitter (top) are shown along the y-axis.
Error bars are S.E.M. Double asterisk indicates significant differences in Random condition thresholds
between schizophrenia patients and both healthy controls and first-degree relatives, single asterisk indicates
a significant difference in Orthogonal condition thresholds between patients and relatives, corrected for
multiple comparisons via Tukey’s HSD, p < 0.05.

Results
Contour detection performance
Contour detection thresholds were examined across three flanker orientation
conditions (Parallel, Random, and Orthogonal) and between subject groups
(schizophrenia patients, first-degree relatives, and healthy controls). Higher thresholds
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indicated more tolerance for orientation jitter within the contour, and thus better contour
detection performance. We observed a significant main effect of condition (ANOVA,
F(2,63) = 145, p < 0.001); contour detection performance was worst in the presence of
parallel flankers and best in the presence of orthogonal flankers (Figure 4-2). This is
consistent with previous reports (Dakin and Baruch, 2009; Schumacher et al., 2011b;
Robol et al., 2012). We also observed a significant main effect of group (F(2,63) = 4.49, p
= 0.015), with lower contour detection performance overall for patients than for healthy
controls and first-degree relatives. No significant interaction between group and
condition was observed (F(4,126) = 1.76, p = 0.140).
Following up on the significant main effect of group, we tested for group
differences on each condition. Patients performed significantly worse than controls and
relatives in the Random condition (Tukey’s HSD, p values < 0.01, Cohen’s d = 1.12),
significantly worse than relatives in the Orthogonal condition (Tukey’s HSD, p = 0.041,
Cohen’s d = 0.68), and showed a trend toward poorer Orthogonal performance versus
controls that did not survive correction for multiple comparisons (uncorrected p = 0.006,
Cohen’s d = 0.50). Trends toward poorer contour detection performance among patients
in the Parallel condition also did not survive multiple comparisons correction
(uncorrected p values < 0.035, Cohen’s d values > 0.40). Performance did not differ
significantly between controls and relatives in any condition.
To explore whether demographic factors were associated with task performance,
correlations were examined between contour detection thresholds and demographic
values across all groups. We observed significant correlations between both Random and
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Orthogonal condition thresholds and estimated IQ scores (r(58) = 0.54 and 0.49, FDR
corrected p values < 0.001 and 0.002, respectively). Within groups, there were significant
correlations between estimated IQ and Random / Orthogonal thresholds among
schizophrenia patients (r(23) = 0.70 and 0.68, FDR corrected p values < 0.008 and 0.014,
respectively), but not for controls or relatives (uncorrected p values > 0.306). Other
demographic factors (education, CPZ equivalents, BPRS and SPQ scores) were not
significantly correlated with contour detection thresholds (FDR corrected p values >
0.441). This analysis indicated that baseline task performance may depend in part on IQ
score; subsequent analyses therefore focused on effects of context within individuals,
since performance differences between flanker conditions should not be confounded by
an overall effect of IQ score.
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Figure 4-3. Contextual modulation indices.
Mean indices are plotted for 28 healthy controls (circles), 13 first-degree relatives (squares), and 25 patients
with schizophrenia (triangles) in the Parallel and Orthogonal conditions. Negative indices indicate
conditions where contour detection was suppressed relative to the Random condition, whereas positive
indices indicate enhanced contour perception. Asterisk indicates a significant difference between
schizophrenia patients and healthy controls, corrected for multiple comparisons via Tukey’s HSD, p < 0.05.
Error bars are S.E.M.

Contextual modulation
As patients with schizophrenia show diminished ODSS effects (Yoon et al.,
2009), we predicted that the effect of flanker orientation on contour detection
performance would be relatively weaker among patients. In order to test this hypothesis,
we calculated Parallel and Orthogonal contextual modulation indices for all subjects (see
Figure 4-3). Indices were obtained by subtracting the Random condition threshold from
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those obtained in the Parallel and Orthogonal conditions. This metric quantified the
relative effect of flanker orientation in terms of increased or decreased tolerance to
orientation jitter within the contour, irrespective of overall task performance. Patients
showed abnormal contextual modulation compared with first-degree biological relatives
and healthy controls (ANOVA, F(2,63) = 3.15, p = 0.049).
Post-hoc analyses revealed that in the Parallel condition, contextual modulation
indices were significantly weaker among patients than controls (Tukey’s HSD, p = 0.017,
Cohen’s d = 0.68). This indicated that patients with schizophrenia could tolerate
relatively more orientation jitter within the target contour in the Parallel condition, and
thus performed better than the controls in the presence of suppressive parallel flankers,
relative to the Random condition. There were trends toward higher Orthogonal indices
among patients versus controls (uncorrected p = 0.044, Cohen’s d = 0.47), and for higher
indices among patients versus relatives in both conditions (uncorrected p values < 0.02,
Cohen’s d values > 0.70); however, these did not survive correction for multiple
comparisons. Contextual modulation indices did not differ between controls and relatives
(uncorrected p values > 0.250, Cohen’s d values < 0.19). In addition, contextual
modulation indices were not significantly correlated with demographic factors (estimated
IQ, education, CPZ equivalents, BPRS and SPQ scores, FDR corrected p values > 0.321).
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Figure 4-4. Computational modeling.
Computational model predications based on parameters from Table 4-2 for 28 control subjects (solid lines)
and 25 schizophrenia patients (dashed lines). A) Equation 4-1 was fit to contour detection task data in all
three flanker conditions from healthy controls (circles) and patients with schizophrenia (triangles). Plotted
thresholds are identical to those in Figure 4-2. Error bars are S.E.M. B) Bootstrapped estimates of T0, cs and
s were used to calculate flanker suppression orientation tuning distributions (in arbitrary units) for the
control and patient groups. Lines plot the mean bootstrapped tuning curves for patients and controls.
Shaded regions illustrate 1 standard deviation of the bootstrapped distributions for each group. Arrows
indicate corresponding positions in both panels.

Computational modeling
We fit the contour detection thresholds in all three flanker conditions from patient
and control groups with a computational model that allowed us to quantify the effect of
relative orientation of flanking elements on contour detection performance (Equation 4-1,
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Methods). Figure 4-4A shows control and patient contour detection thresholds (same data
as in Figure 4-2) with the model predictions from the fit parameters shown in Table 4-2.
Table 4-2. Computational model parameters.
Parameters for computational modeling of contour detection task performance. Parameters were fit to
group contour detection thresholds from all three flanker conditions using Equation 4-1 (see Methods).
Values shown are the parameters best fit to the group data (values in parentheses indicate bootstrapped
95% confidence intervals).
Parameter:
Values for control
subjects:
Values for
schizophrenia
patients:

T0

cs

s

29.2 (26.6 : 31.5)

-13.9 (-16.7 : -11.5)

0.54 (0.41 : 0.71)

30.4 (26.0 : 31.5)

-17.2 (-20.0 : -13.0)

0.89 (0.64 : 1.07)

Bootstrap analyses showed that model parameters T0 (baseline contour detection
performance) and cs (overall magnitude of flanker suppression) were not significantly
different between groups (Z scores = 0.67 and 1.34, FDR corrected p values = 0.75 and
0.18, respectively). Values of s, however, differed between groups (Z = 3.29, FDR
corrected p < 0.002), with the model predicting significantly wider orientation tuning of
flanker suppression for patients versus controls. Bootstrapped flanker suppression
orientation tuning functions for both groups are shown in Figure 4-4B. These illustrate
that for patients, more broadly tuned suppression (vs. controls) fit the data well. In
summary, computational modeling of experimental data suggests that flanker
suppression, which impairs contour detection accuracy, may be more broadly tuned for
orientation among patients with schizophrenia.
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Discussion
We observed impaired contour detection performance among patients with
schizophrenia compared with healthy controls and first-degree biological relatives of
patients. We also found abnormal contextual modulation among patients, with parallel
flankers causing less of a performance decrement (relative to random) for patients than
for controls. One explanation for our pattern of results is that schizophrenia leads to an
overall impairment in contour integration, in agreement with previous reports (Silverstein
et al., 2000; Parnas et al., 2001; Must et al., 2004; Kéri et al., 2005; Uhlhaas et al., 2005;
Silverstein et al., 2006b; Uhlhaas et al., 2006; Kéri et al., 2009; Silverstein et al., 2009;
Keane et al., 2012; Silverstein et al., 2012). This is supported by the group difference
observed in contour detection thresholds (but no significant group by condition
interaction), with patients showing poorest group mean performance in all three flanker
conditions. An overall deficit in contour perception may be somewhat offset in the
Parallel condition by diminished ODSS in schizophrenia (Yoon et al., 2009), as
evidenced by reduced Parallel contextual modulation found in post-hoc analyses. These
competing effects may have limited the power of our study to detect a group by
orientation context interaction, as observed previously (Yoon et al., 2009).
Alternatively, our results may be consistent with less selective orientation
detectors in early visual cortex (Rokem et al., 2011), which could give rise to broader
tuning of ODSS in schizophrenia. For nearby stimuli within a wide range of flanker
orientations, broader ODSS could impair the perceptual salience of a contour during
feature integration. We observed the greatest difference in contour detection performance
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between patients and controls with randomly oriented flankers (which on average are
oriented 45° relative to the contour), consistent with the large difference in suppression
between groups demonstrated in our model at this flanker orientation (e.g. arrows, Figure
4-4). Thus, our model characterized the pattern of results in terms of broader orientation
tuned suppression without significant differences in overall performance or suppression
strength. Broader orientation tuning among patients should produce weaker Parallel
contextual modulation, but larger Orthogonal modulation compared with controls,
indicating greater release from flanker suppression between Random and Orthogonal
conditions in schizophrenia. Consistent with this proposal, we observed an overall group
difference in contextual modulation (but no significant group by condition interaction),
weaker Parallel suppression, and a trend toward greater Orthogonal enhancement for
patients. Similarly broad tuning has been reported for basic visual responses among
schizophrenia patients (Rokem et al., 2011), and others have proposed that broader tuning
for stimulus features may underlie abnormal visual masking in schizophrenia (Green et
al., 2011).
Although both poorer contour integration with weak flanker suppression and
broader orientation tuning with intact contour integration may account for the results we
observed in schizophrenia, it is not straightforward to distinguish between these
explanations in the current paradigm. One method for teasing apart such proposals would
be to examine contextual modulation of contour perception as a function of spacing
between stimulus elements. As element separation increases, overall contour detection
performance should decrease, but flanker effects should decrease more rapidly, resulting
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in weak or absent contextual modulation at higher spacing (Schumacher et al., 2011b). A
recent report examined contour integration in schizophrenia at two spacing levels (Keane
et al., 2012). They found evidence of a contour integration deficit among patients at
target Gabor separations of 0.7° and 1.4° (relative spacing was 3.5λ and 7λ,
approximately 2 - 4 times the contour spacing in the current study). While their study did
not manipulate flanker orientation, they did observe a consistent performance deficit
across a range of spacing over which our previous work (Schumacher et al., 2011b)
indicates that flanker effects should change dramatically. Their results therefore suggest
that broader orientation tuning of flanker suppression cannot fully account for the contour
perception deficits observed in the current study among schizophrenia patients. Others
have recently reported weaker suppression of contour perception by parallel flankers and
poorer orientation discrimination in patients with schizophrenia vs. controls, and
interpreted their results within the framework of impaired visual crowding (Robol et al.,
2013).
The current study is the first to investigate whether genetic factors are associated
with abnormal contour detection in schizophrenia by examining the performance of
patients’ first-degree biological relatives. We observed no significant difference between
healthy controls and relatives in either contour detection performance or in contextual
modulation. From this, we conclude that abnormal contour perception likely has a closer
association with the pathophysiology of schizophrenia, rather than with a genetic liability
for this disorder. However, the number of relatives included (n = 13) is somewhat low for
a psychophysical study in a clinical population, and was smaller than that of our other
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groups, which may have limited the current study’s power. This smaller sample size may
increase the possibility of Type II errors, if for example a large proportion of recruited
relatives happen by chance not to be carriers of a genetic variant that influences contour
perception, if such genetic factors were to exist. While we find that abnormalities in
contour integration and flanker suppression may not prove useful as endophenotypes in
schizophrenia, they may instead serve as markers of the current state of neurobiological
functioning within the visual system.
Previous work has touched on the role of genetics in other early visual processing
tasks in schizophrenia. Our results showing normal behavioral performance among
relatives of schizophrenia patients agree with the findings of Silverstein and colleagues
(2006a), who observed that subjects at high risk for developing schizophrenia tended to
perform as well as healthy controls in a perceptual organization task. Our findings also
agree with previous work showing that symptom remission in patients with disorganized
schizophrenia (but not in other psychiatric patients) coincided with improved contour
integration (Uhlhaas et al., 2005). These reports offered preliminary evidence that visual
integration deficits in schizophrenia have an association with disease processes, but not
genetic factors. By examining contour detection performance among unaffected firstdegree biological relatives of schizophrenia patients, we have provided a stronger test of
this hypothesis.
Our results agree in part with the findings of Uhlhaas and colleagues (2004), who
observed poorer contour integration and weaker context modulation of perceived size
among non-clinical schizotypal subjects with disordered thoughts. While we did not
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assess thought disorders in the current study, we found no association between clinical
rating scale scores (BPRS and SPQ) and task performance, which may be related to the
fact that the recruited outpatients were not highly symptomatic. In contrast to our current
results, others have found abnormal backward masking in schizophrenia vs. controls
during Vernier discrimination, but no difference between groups in the effect of
orientation context (Schütze et al., 2007; Roinishvili et al., 2008). Previous work has also
shown impairments among unaffected relatives of schizophrenia patients during visual
backward masking (Sponheim et al., 2012). It is possible that genetic factors have a
stronger influence on the temporal dynamics of early visual processing compared with
static pattern vision.
Our task was designed to examine whether contour detection specifically is
impaired in schizophrenia. We asked subjects to detect open vertical contours rather than
closed figures of a particular shape, thereby mitigating the role of shape representation in
task performance. Previous reports of contour integration deficits in schizophrenia have
required subjects to locate closed contours at variable positions within the stimulus array
(Silverstein et al., 2000; Parnas et al., 2001; Uhlhaas et al., 2005; Silverstein et al., 2006b;
Uhlhaas et al., 2006), or to discriminate contour shape configurations (Silverstein et al.,
2009; Keane et al., 2012; Silverstein et al., 2012). Such tasks required subjects to identify
contours whose features (position within an array, global orientation, and local curvature)
varied between trials. Performance within these paradigms relies on a subject’s ability to
distinguish the shape of the figure formed by the closed contour. A recent report
suggested that perceptual integration deficits in schizophrenia might depend more on
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impaired shape representation than on abnormal contour detection (Keane et al., 2012).
The current study did not require visual search or shape discrimination during task
performance, yet we nonetheless observed poorer contour detection performance among
patients in the Random condition (the one most directly comparable to previous studies).
Our results therefore suggest that abnormal contour detection in schizophrenia is a
specific perceptual abnormality that is distinct from shape representation impairments
that may additionally exist in this disorder.
In the current paradigm, we sought to exclude the role of non-specific deficits
among schizophrenia patients. A recent report suggested attentional factors may account
for the weak contrast-contrast effect (Barch et al., 2012) observed when schizophrenia
patients reported the perceived contrast of stimuli with and without surrounding context
(Dakin et al., 2005); but see (Tibber et al., 2013). Our study sought to rule out such
potential confounds in the following ways: (1) there is no categorical difference between
our stimulus conditions based on the absence of surrounding stimuli (Dakin et al., 2005;
Barch et al., 2012), so equal effort/attention is required in all conditions; (2) we equated
difficulty across flanker conditions using a staircase method to manipulate contour jitter,
so all subjects performed at the same level (79% correct) in all conditions; (3) we used
contextual modulation indices as dependent variables, making the analyses robust against
between groups differences in attention or IQ that might impact overall performance.
Indeed, we did not observe significant correlations between contextual modulation
indices and estimated IQ, despite such correlations being observed between IQ and
contour detection thresholds in the Random and Orthogonal conditions. Task
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performance among patients was also relatively better than for healthy controls in the
presence of parallel flankers, which further argues against the notion that a generalized
deficit could account for this result. Others have previously demonstrated that perceptual
integration abnormalities in schizophrenia exist independent of a generalized deficit,
using tasks in which poorer integration leads to a performance advantage among patients
(Place and Gilmore, 1980; Silverstein and Keane, 2011). Finally, previous reports have
demonstrated normal fixation in schizophrenia (Kissler and Clementz, 1998; Gooding et
al., 2000), and fixational instability would not affect contextual modulation.
Our findings relate to several outstanding questions that merit further
investigation. First, the physiological correlates of abnormal flanker suppression during
contour detection in schizophrenia are not yet clear. Through the use of functional MRI
(fMRI), abnormal early visual cortical responses during contour integration have been
observed among patients (Silverstein et al., 2009), suggesting that schizophrenia leads to
disruptions in contour perception at the earliest stages of cortical processing. Further,
diminished surround suppression effects have been found to correlate with lower γaminobutyric acid (GABA) concentrations in schizophrenia, as measured by magnetic
resonance spectroscopy (MRS; Yoon et al., 2010), lending support to the hypothesis that
schizophrenia is related to disruptions in GABAergic inhibition (Lewis et al., 2005).
Future investigations employing spatially localized fMRI and GABA MRS in visual
cortex could help elucidate the neural mechanisms underlying these perceptual
abnormalities.
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The relationship between abnormal contextual modulation and other visual
deficits in schizophrenia also requires further investigation. Patients with schizophrenia
have trouble organizing perceptual information, and some experience visual
hallucinations (Place and Gilmore, 1980; Silverstein and Keane, 2011). The Gestalt
principles of proximity and similarity (Wertheimer, 1938) agree generally with the spatial
and orientation specificity of ODSS, which leads us to speculate that abnormal surround
suppression may contribute to poorer Gestalt perception in schizophrenia, thereby
impairing perceptual grouping. In addition, abnormal electrophysiological activity within
visual cortex has been observed in schizophrenia during illusory contour/Gestalt
perception (Spencer et al., 2003; Spencer et al., 2004; Foxe et al., 2005). One study found
that occipital signal abnormalities were associated with visual hallucinations (Spencer et
al., 2004). Abnormal neural synchrony within occipital cortex may therefore be a
hallmark of impaired visual feature-binding, which could contribute to both poor contour
integration and visual hallucinations in schizophrenia.
Conclusion
The current study has affirmed previous reports of abnormal contour perception
among patients with schizophrenia (Silverstein et al., 2000; Parnas et al., 2001; Uhlhaas
et al., 2005; Silverstein et al., 2006b; Uhlhaas et al., 2006; Silverstein et al., 2009; Keane
et al., 2012; Silverstein et al., 2012), even with open vertical target contours presented at
fixed spatial positions. In addition, we have found that patients are relatively less
impaired by the presence of parallel flanking stimuli during contour detection, compared
with healthy adults. This agrees with weaker perceptual surround suppression effects
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reported in schizophrenia (Dakin et al., 2005; Tadin et al., 2006; Yoon et al., 2009;
Tibber et al., 2013; Yang et al., 2013). Computational modeling of patient data showed
that our results are consistent with broader orientation tuning in schizophrenia (Rokem et
al., 2011). We conclude that schizophrenia leads to deficits in contour detection that are
consistent with poorer overall integration and weaker parallel flanker suppression, or with
broader tuning for visual stimulus orientation. We did not observe any difference
between healthy controls and first-degree biological relatives of schizophrenia patients in
contour detection performance or in contextual modulation. These visual processing
abnormalities are concomitant with the pathophysiology of schizophrenia, but may not be
associated with a genetic liability for this disorder.
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