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Background and Hypothesis: The human visual system
streamlines visual processing by suppressing responses
to textures that are similar to their surrounding context.
Surround suppression is weaker in individuals with schiz-
ophrenia (ISZ); this altered use of visuospatial context
may relate to the characteristic visual distortions they
experience. Study Design: To understand atypical sur-
round suppression in psychotic psychopathology, we in-
vestigated neurophysiological responses in ISZ, healthy
controls (HC), individuals with bipolar disorder (IBP),
and first-degree relatives (ISZR/IBPR). Participants per-
formed a contrast judgment task on a circular target with
annular surrounds, with concurrent electroencephalog-
raphy. Orientation-independent (untuned) suppression was
estimated from responses to central targets with orthog-
onal surrounds; the orientation-dependence of suppression
was estimated by fitting an exponential function to the
increase in suppression as surrounds became more aligned
with the center. Results: 1SZ exhibited weakened untuned
suppression coupled with enhanced orientation-dependence
of suppression. The N1 visual evoked potential was associ-
ated with the orientation-dependence of suppression, with
ISZ and ISZR (but not IBP or IBPR) showing enhanced
orientation-dependence of the N1. Collapsed across orien-
tation conditions, the N1 for ISZ lacked asymmetry toward
the right hemisphere; this reduction in N1 asymmetry was
associated with reduced untuned suppression, real-world
perceptual anomalies, and psychotic psychopathology.
The overall amplitude of the N1 was reduced in ISZ and
IBP. Conclusions: Key measures of symptomatology for
ISZ are associated with reductions in untuned suppression.
Increased sensitivity for ISZ to the relative orientation of
suppressive surrounds is reflected in the N1 VEP, which is
commonly associated with higher-level visual functions such
as allocation of spatial attention or scene segmentation.
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Introduction

Surround suppression occurs when a visual response to a
central stimulus (ie, center) is reduced in the presence of
a surrounding stimulus (ie, surround).!? This contextual
effect contributes to visual functions that are important
to navigate and explore the visual world including object
boundary detection, figure-ground segmentation, and
contour integration.> ¢ Alterations in suppression mech-
anisms have been linked to core aspects of pathophys-
iology in individuals with schizophrenia (ISZ),” namely
visual distortions.® Indeed, numerous studies have dem-
onstrated reduced surround suppression in ISZ.>!!
Perceptual orientation-dependent surround suppres-
sion (ODSS) occurs when the perceived contrast of the
center is most strongly reduced when the surround elem-
ents are aligned with the center (ie, iso-orientation, sur-
round elements parallel to center)’;, ODSS is weakest at
cross-orientation (ie, surround elements orthogonal to
center).'>!® The suppressive effect of the surround re-
sults from a combination of orientation-sensitive (ie,
tuned) and -insensitive (ie, untuned) suppression mech-
anisms.'*!* We recognize that both tuned and untuned
suppression effects, while observed as a single behavioral
phenomenon, are likely each a mixture of multiple fac-
tors. For example, figure-ground segmentation can be
modeled as an (essentially) binary feedback mechanism
that gates orientation-tuned suppression.!” Accordingly,
the resulting orientation-sensitive modulation of neural
response is a mixture of tuned and untuned neural mech-
anisms. Here, we use the terms “tuned suppression”
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and “untuned suppression” because they have the most
straight-forward mapping onto what we observed in the
behavioral and EEG data.

Previous work from our laboratory demonstrated that
ISZ, their first-degree relatives (ISZR), and individuals
with bipolar disorder (IBP) exhibit weakened untuned
suppression, with ISZ having the greatest reductions
compared to healthy controls (HC).!!" This reflected a
reduced influence of the surround to suppress the per-
ceived contrast of the target stimulus (ie, central grating
with surround), irrespective of orientation. ISZ exhib-
ited atypical tuned suppression, reflecting greater orien-
tation sensitivity in the suppression of perceived target
contrast.'® Notably, this effect was moderated by visual
acuity: differences in tuned suppression between ISZ and
HC were greatest when acuity was poor. The reduced in-
fluence of the surround in ISZ is consistent with the di-
minished use of visual context to modulate perception®
and extract meaning from visual scenes,?' thereby creating
the potential for visual distortions and hallucinations.®

Investigating the timing of neural events during ODSS
can yield insights into the neurophysiological correlates
of the altered use of visual context in psychotic psychopa-
thology.* For example, the early suppression of primary
visual cortex (V1) activity to parallel surrounds (~61 ms
compared to ~52 ms to center) implicates rapid feedback
from extrastriate cortices (V2/V3), rather than slower
horizontal propagation from lateral connections in V1.*
In human electroencephalography (EEG), surround sup-
pression is observable in early visual evoked potentials
(VEP). Evidence suggests that the C1 [~50 ms] results
from low-level feedforward activity in geniculocortical
pathways (ie, lateral geniculate nucleus [LGN] to V1), and
may reflect a neural correlate of untuned suppression.?*26
Similarly, the P1 [50-140 ms] results from early visual
cortical responses in extrastriate cortices,”? which may
relate to broadly orientation-tuned mechanisms mediated
by perceptual grouping processes.””-?® Finally, the poste-
rior N1[120-225 ms], an index of visual discrimination,*
exhibits orientation-selective suppression consistent with
a tuned suppression mechanism.?*" Accordingly, it may
reflect a neurophysiological correlate of feedback or re-
current modulation of V1 responses (eg, from V4, or lat-
eral occipital cortex)?*; the timing of this component
(100-200 ms) would also be consistent with V1 intrinsic
suppression mechanism, 4242333

Despite its relevance to gain control mechanisms in
ISZ.°** no studies have examined the neurophysiological
correlates of atypical ODSS during contrast perception
in ISZ. The present study sought to address this gap by
testing how alterations in early visual neural functions re-
late to atypical suppression mechanisms in ISZ, ISZR,
HC, 1BP, and first-degree relatives of IBP (IBPR; total
N =128), drawn from the same transdiagnostic sample
as our previous work.'$?” We hypothesized that ISZ
would exhibit attenuated responses in the P1 and NI
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due to weakened untuned and tuned suppression mech-
anisms reflecting altered neural activity in extrastriate
cortices.?®*3¢ Furthermore, we hypothesized that IBP
and ISZR would exhibit intermediate reductions,'®" in-
dicative of atypical neurophysiological functions that cut
across traditional psychiatric diagnoses and mark genetic
liability for psychosis.’’** We applied a surface Laplacian
transformation to enhance the spatial resolution of
VEP,* and test whether hemispheric asymmetries in the
N1 linked to maintaining attention across hemifields
were related to disrupted suppression mechanisms.*=
Accordingly, the goals of the present study were 2-fold:
(1) characterize the neural correlates of atypical suppres-
sion mechanisms during contrast perception in ISZ; and
(2) test whether alterations in these neurophysiological
dynamics relate to genetic liability for psychosis, and/or
reflect a transdiagnostic process related to dimensional
aspects of psychotic psychopathology.

Methods

Participants

Individuals with psychotic psychopathology were re-
cruited from Minneapolis Veterans Affairs Health Care
System outpatient clinics, community support programs
for the mentally ill, and county mental health clinics.
Exclusion criteria included: English as a second lan-
guage, age >60 years, 1Q <70, substance dependence
within the past 6 months, substance abuse within 2 weeks
of testing, head injury with skull fracture or substantial
loss of consciousness, electroconvulsive therapy, ambly-
opia untreated before 18, epilepsy, stroke, or other neu-
rological conditions. Additional exclusion criteria for HC
included a significant family history of psychotic psycho-
pathology. Additional recruitment details can be found
in recent work by Longenecker et al,*® and in supplemen-
tary materials. Participant demographic information, and
other sample characteristics, are presented in table 1.

ODSS Tuask'®

We used a contrast-matched ODSS task to examine the
effects of visual context on contrast perception. The task
is described in full detail in our recent work that mod-
eled surround suppression in the same transdiagnostic
sample (V = 138).'® Briefly, a single trial of the task con-
sisted of the simultaneous presentation of a reference
circular grating without a surround in 1 hemifield, and a
target circular grating (ie, center) with a surrounding an-
nulus (ie, surround) randomly set to 1 of 5 possible rela-
tive orientations (0°, 20°, 45°, 70°, and 90°). Participants
also viewed a “no surround” condition in which only
the reference and target circular grating were presented.
Participants responded with a 2-button button box to in-
dicate whether the circular patch in left or right visual
hemifields appeared to have higher contrast. Targets
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were located at 3° eccentricity, 16° of polar angle below
the horizontal meridian so that stimuli would have a
lateralized cortical representation. Stimuli were gener-
ated using PsychoPy (version 1.85.2).* The contrast of
the target was kept constant at 80%, whereas the con-
trast of the reference was adjusted to achieve a match
in perceived contrast. The side on which the reference/
surround stimuli was presented was randomized, with
stimuli appearing in the left and right visual fields with
equal frequency and probability. The contrast of the
reference grating was controlled by a separate Psi stair-
case® implemented in PsychoPy for each relative orien-
tation. Each staircase converged at a point of subjective
equality between the reference grating (for which con-
trast was varied) and target (fixed contrast) grating.
Supplementary figure S1 depicts the stimulus presenta-
tion paradigm, as well as the surround condition stimuli
used for the ODSS task.

The key behavioral index generated from the task was
the degree to which the contrast of the reference (no sur-
round) needed to be reduced to match the perceived con-
trast of the target grating with a surround (ie, perceived
contrast difference %; see table 1). We characterized the
relative dependence of each participant’s suppression on
orientation by applying an exponential decay function to
contrast decrement data: P = —Me~%¥ + 0. Model fit-
ting was implemented using the scipy.optimize.curve_fit
algorithm in Python. The offset parameter (0) approxi-
mates orientation-insensitive (ie, untuned) surround
suppression with greater negative o reflecting enhanced
suppression of target contrast irrespective of orienta-
tion. The magnitude (M), and tuning width (w) jointly
characterize orientation-dependent (ie, tuned) surround
suppression. Greater negative M reflects greater orienta-
tion selectivity, in contrast, surround suppression, or the
degree to which suppression of target contrast is reduced
as relative surround orientation approaches orthogo-
nality. The w parameter reflects the width of orientation
tuning: larger (more positive) values reflected broader
width in orientation tuning. Supplementary figure S2
provides verbal description for the interpretation of these
parameters, and visually depicts how changing the free
parameter values influences the exponential decay func-
tion. Visualizations of group differences in the o, M, or w
parameters, and the average fit for each diagnostic group
are presented in supplementary figure S3.

EEG Collection and Surface Laplacian Transformation
of VEP

EEG data were collected using a Brain Vision 128-channel
actiChamp system at a sampling rate of 1000 Hz, with the
average of the earlobe (mastoid) electrodes used as a ref-
erence for visualization. Trials were epoched from 500 ms
prestimulus to 1000 ms poststimulus, and submitted
to Independent Components Analysis using a custom
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pipeline (ICAcleanEEG*; see supplementary materials
for additional details). Supplementary table S3 presents
the number of ICs that were judged to be nonneural
noise, and therefore excluded from further processing.
After generating subject-average VEP, we applied the
surface Laplacian transform using the Current Source
Density toolbox* (spline density [#2] = 3, smoothing con-
stant [A\] = 175). This transformation produces a current
source density (measured in pV/cm?) that emphasizes ra-
dially oriented superficial cortical sources at the exclusion
of deep focal sources, or superficial but spatially diffuse
cortical activity. Current source density estimates repre-
sent a spatial enhancement of neuronal activity at the
scalp.*’

Time windows for the P1[50-140 ms] and N1 [120-225
ms] were defined by examining the distribution of par-
ticipants’ peak latencies via butterfly plots, and grand-
averaged VEP that were collapsed across diagnostic
group and stimulus conditions (ie, relative orientation of
the surround) inspected via topographical distributions in
EEGLAB.*® We pooled current source density estimates
for the P1 across 8 electrodes: POS8, PO10, P8, and P6
in right hemisphere to targets presented in left hemifield,
and PO7, PO9, P7, and PS5 in left hemisphere to targets
presented in right hemifield (ie, contralateral P1; see
figure 1A and supplementary figure S4). Contralateral
N1 estimates were pooled across 10 electrodes: POS,
PO10h, O2, PO4, and POG6h in the right hemisphere and
PO7, PO%h, O1, PO3, and PO5h in the left hemisphere
(see figure 2A and supplementary figure S5). To examine
group differences in N1 hemispheric asymmetry, we gen-
erated difference waves by subtracting left contralateral
N1 from right contralateral N1 (see figure 3A). Choice of
electrodes was based on where response was maximal to
surrounds presented in right and left visual field in order
to characterize hemifield-dependent neural activity in
striate and extrastriate visual cortices, in accordance with
prior work.?23¢44 Peak latency of the P1 and N1 com-
ponent did not vary as a function of relative surround
orientation, or diagnostic group. Peak latency values are
presented in supplementary table 1, with grand-average
waveforms of the P1 and N1 presented in supplementary
figures S4 and S5.

We then applied the exponential decay function used
for behavioral analyses to participants’ mean N1 re-
sponse at each orientation to characterize neurophysi-
ological aspects of tuned and untuned suppression.'®!
The relevant parameters of interest included the offset
(0,,) approximating orientation-insensitive surround
suppression evident in the N1, the magnitude (M), and
tuning width (w, ), jointly characterized the neural cor-
relates of tuned suppression evident in the N1. To facil-
itate direct comparisons between the behavioral and N1
parameters, we calculated the additive inverse (ie, reverse
the sign by multiplying values by —1) of the 0,, and M,,
to align the direction of effects (see supplementary figure
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Fig. 1. Group differences in P1 waveforms. (A) Top panel depicts group-averaged P1 topographies to left and right surrounds (uV/

cm?). Group topographies are scaled to HC P1 response to left surrounds (ie, right contralateral P1, where response was maximal). The
diagram on the right depicts grand-averaged (ie, averaged across all conditions and participants) P1 topographies. Electrodes highlighted
in white represent the contralateral electrodes (ie, hemisphere opposite to visual hemifield where surround was presented) in the left and
right hemispheres from which P1 was pooled. The bottom panel depicts group-averaged P1 to different surround orientations, which

were averaged across hemispheres. P1 was reduced in ISZ relative to HC, ISZ, and ISZR (P,
ISZR and ISZR demonstrating intermediate reductions relative to HC (P,

e <-001) and ISZR (P, < .03), with

eor < -01). (B) The top panel depicts the negative association

between P1 CSD and negative psychotic symptomatology in probands (r(126) = —0.31, P, = .01), while the bottom shows the positive
association between P1 CSD and IQ across the full sample (r(126) = 0.26, P, = .01).

S2), and to make interpretation of parameter values con-
sistent. Supplementary figure S6 depicts group differ-
ences in these parameters, in addition to the average fit
of the exponential decay function applied to participants’
NI response.

Statistical Plan

Group Comparisons and Partial Correlations. All statis-
tical analyses were conducted using R (Version 4.2.2).% To
examine group differences in the P1 and N1 component,
we used generalized least squares regression to account for
correlated-error structures (ie, repeated measures), and to
model nonconstant error (ie, heteroscedasticity) between
diagnostic groups.’! These models were fit using the gls
function in the nlme package,> and specified the following
main effects: Diagnostic Group (5 levels: ISZ, ISZR, HC,
IBPR, and IBP), Surround Orientation (5 levels: 0°, 20°,
45°,70°, and 90°), and Hemisphere (2 levels: Right and
Left) as fixed effects. Post hoc analyses were conducted
using the emmeans package,” with P-values corrected
for the false discovery rate (FDR, denoted as P ). We
conducted sensitivity analyses covarying for age, gender,

and visual acuity (Log M AR scale) to account for their po-
tential confounding effects on estimates of group differ-
ences in P1 and N1 responses,™ and test whether visual
acuity affected group differences in the neurophysiolog-
ical correlates of contrast ODSS.!3" These analyses are
presented in supplementary table S2 Greater age was as-
sociated with attenuated P1 and N1 responses (P < .01).
Sex effects were evident in the P1 (P < .01), with males
exhibiting larger amplitudes than females

We then examined whether alterations in early-latency
VEP reflect neural correlates of tuned and/or untuned
suppression. Specifically, we examined associations be-
tween the P1, N1, and N1 (right > left) hemispheric
asymmetry with the tuned (ie, M and w parameters) and
untuned (ie, o parameter) suppression mechanisms.'$!
Estimates of contralateral P1 and N1 were averaged
across stimulus conditions, yielding 3 neural indices in
total. Correlations were performed with all participants
(ie, collapsed across diagnostic groups) to increase statis-
tical power. We computed partial Pearson correlations
to account for the confounding effects of age and visual
acuity on bivariate correlations (via inversion of covar-
iance matrices) using functions in the psych package.’®
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Fig. 2. Group differences in N1 waveforms. (A) Top panel depicts group-averaged N1 topographies to parallel and orthogonal surrounds
(uV/em?) scaled to HC N1 response to orthogonal surrounds. The diagram on the right depicts grand-averaged (ie, averaged across all
conditions and participants) N1 topographies. Electrodes highlighted in white represent the contralateral electrodes (ie, hemisphere
opposite to visual hemifield where surround was presented) in left and right hemisphere where N1 was pooled. The bottom panel

depicts group-averaged N1 to different surround orientations, which were averaged across hemispheres. N1 was reduced in ISZ, I1SZ,

and ISZR relative to HC (P, <.001) and ISZR (P

EDR FDR

<.05). (B) The top scatterplot depicts the negative association between N1 and

modulation of suppression, ie, the degree to which contrast suppression decreases as orientation increases from parallel to orthogonal
(r(126) = =0.21, P, = .04) where more negative values for M represent more orientation-dependent suppression.

Associations with the P1 index also accounted for sex ef-
fects. We adjusted all P-values for FDR to reduce type 1
error while maintaining statistical power.

Research suggests that atypical surround suppression
is greatest in more symptomatic individuals,'>* and may
reflect a continuum of severity related to genetic and di-
mensional aspects of psychotic psychopathology.'>!$!
Accordingly, we examined associations between these
neural indices and measures that relate to genetic lia-
bility for psychosis’”®: (1) a dimensional measure of
psychotic psychopathology (ie, trait psychoticism from
the Personality Inventory for DSM-V)%; and (2) real-
world anomalous perception (ie, the Sensory Gating
Inventory®?). Alterations in visual Pl are thought to
reflect a trait marker of psychosis, which may relate
to atypical gain control in individuals with psychotic
psychopathology.®** Thus, we examined associations
between the neural indices and: (1) global cognitive func-
tion (ie, estimated global cognition from the Wechsler
Adult Intelligence Scale-11I); and (2) and negative psy-
chotic symptomatology (ie, global negative symptom the
Scale for the Assessment of Negative Symptoms) to ex-
amine whether disrupted low-level visual functioning is
associated with measures linked to functional outcomes
and illness severity.®¢" Collectively, these exploratory
analyses sought to leverage our transdiagnostic sample
to test whether alterations in neurophysiology during
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contrast perception are associated with the expression of
symptom domains that cut across psychiatric disorders,
and linked to phenotypic expression along the psychosis
continuum, %%

We conducted sensitivity analyses using linear-mixed
effects models with a random group intercept for the diag-
nostic group to ensure these associations were not inflated
by mean differences between groups.”’! Critically, the as-
sociations remained significant. Details can be found in
supplementary methods, with modeling results presented
in supplementary table S3. Finally, we examined the as-
sociations between the parameters of the exponential
function for behavioral (M, o, and w) with those of the
N1 VEP (ie, M, ,0,,, and w, ). Supplemental analyses ex-
ploring linkages between participants’ mean N1 response
and contrast suppression at each surround orientation
are presented in supplementary figures S4 and S5.
Group Comparisons in Nonlinear Associations:
Generalized Additive Mixture Models. We applied
Generalized Additive Models (GAMMs) to further eval-
uate the effect of ODSS on contrast perception and N1
responses across all target-surround relative orienta-
tions. GAMM s are semi-parametric, integrating fixed ef-
fect estimates via both parametric (ie, predictor follows
predetermined form) and nonparametric functions (ie,
predictor is quantitatively derived using algorithmic ap-
proaches), classified as “smooths.” As a result, they are
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Fig. 3. Group differences in N1 right > left hemispheric asymmetry. (A) The topographies depict the group-averaged N1 difference to
left surrounds—right surrounds (uV/cm?), scaled to HC difference to left-right surrounds (ie, where N1 asymmetry was maximal). The
waveforms below the topographies depict the right > left hemispheric asymmetry in N1 averaged across conditions and hemispheres. The
diagram on the right depicts how the asymmetry was calculated. Electrodes highlighted in white represent the contralateral electrodes
(ie, hemisphere opposite to visual hemifield where surround was presented) where N1 was pooled. The boxplots depict group differences
in the N1 hemispheric asymmetry across conditions, with the white diamonds representing group median values, and the center line

representing group mean values. The degree of right > left asymmetry in the N1 was reduced in ISZ relative to HC (P

<.05). (B)

FDR

The top scatterplot depicts the association between the degree of right > left N1 hemispheric asymmetry and psychoticism. Greater

trait psychoticism was associated with reduced right > left hemispheric asymmetry in the N1 (r(116) = 0.28, P

< .01). The bottom

FDR

scatterplot depicts the association between the degree of N1 asymmetry and untuned suppression. Weakened untuned suppression (ie,

more positive o parameter values) was associated with reduced hemispheric asymmetry in N1 (#(126) = 0.25, P

eor — -02). In other words,

a reduction in the overall influence of the surround on the perceived contrast of the central stimulus, which we previously demonstrated
was diminished in ISZ'® was associated with reduced right > left hemispheric asymmetry in the N1 that was uniquely absent in ISZ.

well-suited to approximate the additive and interactive
effects of linear and nonlinear phenomena underlying
visual functions such as contrast sensitivity and gain
control.”>” Accordingly, we leveraged these properties
to test whether ISZ exhibit alteration in nonlinear func-
tions characterizing ODSS. GAMMs were fit using the
mgcv package using Restricted Maximum Likelihood to
optimize estimation of the smoothing parameter (A).”
We implemented an extension of the traditional GAMM
framework, wherein the associations between predictor
and outcome variables vary across group levels (ie, ex-
hibit a hierarchical structure).”

Models were first fit with a parametric effect of di-
agnostic group, as well as a nonparametric “global” (ie,
main effect) smooth for relative surround orientation that
characterized the nonlinearity in orientation selectivity in
contrast and N1 suppression across subjects (figure 4A
and B).”>7 We also included a “factor-smooth” interac-
tion term that specified a distinct smoothing function

between the outcome variable and relative orientation for
each diagnostic group (figure 4C and D). Post hoc tests are
performed by specifying the coding of model contrasts
as treatment contrast,”” with HC serving as the “control
group” or reference level. This yields R — L “difference
smooths,” where [ =R, ...,L are the levels of a factor,
R is the reference group, and L is the number of levels.
These “difference smooths” correspond to the overall
difference between the smooth function estimated for
the reference level R, and the smooth function estimated
for the /th level of a factor. A significant result suggests
that the /th level of the factor, or “treatment group” (ISZ,
ISZR, IBPR, and IBP), exhibits a different relationship
between ODSS, and/or N1 response, as a function of rel-
ative orientation compared to the reference level, or “con-
trol group” (HC).”>77 Importantly, this only suggests an
atypical relationship in ODSS, and limits more nuanced
conclusions about tuned suppression mechanisms. A sig-
nificant parametric effect suggests the difference in mean

Page 7 of 16

$20Z J18qWBAON ] uo 1sanb Aq 0901/ 2/€019BAS/INQUIS/SE0 L0 L /I0p/ajo1e-a0ueApe/una|INgeluaIydoziyos/woo dno-oiwspese//:sdny wolj papeojumoq



S. D. Klein et al

A) Orientation Dependence in Contrast Suppression

-3

Perceived Contrast Difference
£ & & A

45
Relative Surround Orientation

0 90
C) Contrast Suppression: Diagnostic Group Comparisons
| sz || 1szr || Hc || PR || iBP |
0

& &

Perceived Contrast Difference
o

SP P OPOP P PPV P P PPOP P RPOP
Relative Surround Orientation

© QP

Additive Inverse of N1 CSD (uVicm?)

B) Orientation Dependence in N1 Suppression

-
w

=y
N

=
=}

Additive Inverse of N1 CSD (chmz)
©w :

0 20 45 70 90
Relative Surround Orientation

D) N1 Suppression: Diagnostic Group Comparisons

[ 1sz || 1szr |[ Hc |[ BPR |

e

S P OROP PP OFOP P OPOP P OROP P RP
Relative Surround Orientation

BP |

&
Ll
=

&
i
2]

=
o
o

o
2]

Fig. 4. Orientation sensitivity evident in contrast suppression and N1 response using generalized additive mixture models (GAMMs).
(A) The black line depicts the “global” (main effect) of orientation collapsed across participants for contrast suppression, which

was strongly nonlinear (edf'= 3.82, P < .001). The band around the black line depicts the 95% CI of model estimates. (B) The black
line depicts the “global” (main effect) of orientation collapsed across participants on the N1 response, which was strongly nonlinear
(edf =2.99, P <.001). The band around the black line depicts the 95% CI of model estimates. (C) Visual depiction of the “factor-
smooth” interaction, which examines the nonlinear relationship between contrast suppression and orientation. Lines depict the
nonlinear associations of perceived contrast difference as a function of orientation for each diagnostic group, while the band around

lines depicts * the standard error of model estimates. SZ (edf = 3.31, P

wor < -01) exhibited more rapid decreases in suppression

with increasing orientation relative to HC (edf = 2.72). (D) Visual depiction of the “factor-smooth” interaction, which examines the
nonlinear relationship between N1 response and orientation. Lines depict the nonlinear associations of the N1 response as a function of
orientation for each diagnostic group, while the band around lines depicts £1 standard error of model estimates. Both ISZ (edf = 2.85,
P <.01) and ISZR (edf = 2.43, P, < .01) exhibited greater decreases in N1 suppression relative to HC (edf = 1.35).

values between HC and the /th level of a factor signifi-
cantly differs from 0. Because parametric effects can only
operate to shift a function up or down along the y-axis,
they represent group intercepts at each orientation. The
interpretation of the statistical effect is akin to the offset
parameter (o), because it implies a consistent difference
across orientations, or a greater overall influence of the
surround.

We specified 2 GAMM models examining group
differences in contrast perception, and N1 response.
Nonindependence of observations was accounted for
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)

by including a random-intercept for each participants
contrast suppression or N1 response data at each ori-
entation. We applied the double shrinkage penalty (a
robust method of variable selection) to perform model
selection. Critically, this also narrows the credible con-
fidence interval of the parametric and nonparametric
effects estimated by GAMMs to enhance confidence
the results of statistical tests and corresponding con-
fidence and simultaneous intervals of factor-smooth
terms.”®881 We used functions in the gratia, itsadug,
and mgcv packages to perform model diagnostics, and
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extract model predictions and derivatives.”®? These
analyses allowed us to test whether ISZ is associated
with atypical nonlinear associations in the degree of
surround suppression in contrast perception as func-
tion of relative orientation, and whether these atyp-
ical associations are evident in the neural correlates of
ODSS (ie, N1 response). As with the exponential decay
function, we transformed participants’ N1 responses
by calculating the additive inverse to facilitate ease of
comparison of GAMM results for both contrast and
N1 suppression (see figure 4A and B).

Results

Behavioral Results: Group Comparisons Accounting for
Visual Acuity

Group comparisons of task performance and ODSS
mechanisms estimated from the exponential decay
function parameters are presented in table 1 and
visualized in supplementary figure S3. A regression
model estimating group differences in the o (offset)
parameter revealed an effect of diagnostic group
(F, ,; = 4.22, P < .01), but not of acuity (F, ,, = 0.04,
P = .84). Post hoc tests revealed ISZ had more posi-
tive o values compared to BPR and HC (P, < .05).
Similarly, a regression model estimating group differ-
ences in the M parameter revealed an effect of diag-
nostic group (F, ,,;=3.30, P =.01) and visual acuity
(F,,s=16.88, P <.001), with worse acuity relating to
greater orientation-sensitive suppression. Post hoc tests
did not survive correction for FDR. Analyses excluding
visual acuity revealed ISZ to have larger negative values
of M relative to HC. There were no effects of group
(F,,,, = 0.63, P =.64), or acuity (F, ,, = 0.98, P =.32)
on the w parameter, which characterizes the tuning

width of orientation-sensitive mechanismes.

Contralateral P1 VEP: Parametric Effects

Group-averaged P1 waveforms at electrode sites con-
tralateral to the visual field with the surround (denoted
with white circles) are presented in figure 1A. There were
effects of group (F, ,;=8.1, P <.001), and hemisphere
(F, ,s=21.9, P<.001), reflecting a larger Pl in right
than left hemisphere, but no effect of relative surround
orientation; (F, ,,=0.19, P=.94). Post hoc analyses
of the main effect of group indicated that ISZ (mean
[M] = 3.2 uV/cm?, standard error [SE] = 0.28) had the
greatest reductions in P1 relative to HC (M = 6.1 uV/
cm?, SE=0.31; P . <.001, d=-0.69). ISZ P1 was
also reduced relative to IBP (M = 4.7 uV/icm?, SE = 0.32;
P .<.0l, d=-037) and IBPR (M =353 pV/icm?’
SE=0.42; P, <.01, d=-0.50). Differences between
ISZ and ISZR (M =4.1 pV/em?, SE = 0.32; P, = .04,
d=-0.23) were less pronounced. ISZR (d= —0.46,
P . <.01) and IBP (d=-0.32, P . <.01) exhibited

D

reduced P1 relative to HC, while IBPR exhibited larger
responses compared to ISZR (P, = .04, d = 0.28).
Partial correlations accounting for age, biological sex,
and visual acuity revealed that P1 averaged across stim-
ulus conditions was negatively related to SANS global
ratings in probands (1(56) = —0.32, P_ . =.03), such
that reduced P1 was associated with a greater degree of
negative psychotic symptomatology (figure 1B [top]).
There was also a positive association between P1 and 1Q
(r(126) = 0.25, P, = .01; figure 1B [bottom]) suggesting
that reduced P1 during stimulus viewing was related to

worse cognitive functioning.

Contralateral N1 VEP: Parametric Effects

Group-averaged N1 waveforms at electrode sites con-
tralateral to the visual field with the surround (denoted
with white circles) are presented in figure 2A. There
were effects of group (F, ,;=3.9, P<.001), and rela-
tive surround orientation (F s = 6.3, P < .01), but not
hemisphere (F, ;= 1.2, P=.27) on the N1. Regarding
the effects of relative orientation: N1 was reduced
at 0° relative surround orientation (M =-10.0 pV/
cm?, SE =0.40), compared to 70 (M = —11.6 uV/cm?,
SE=041; P, =.02,d=0.20) and 90° (M = =11.9 uv/
cm’, SE=0.40, P, . <.0l, d=0.24). N1 was also re-
duced at 20° (M = —10.2 pV/cm?, SE = 0.41) compared
to 90° (P, = .02, d =0.21). Considering the effects of
Group: post hoc analyses indicated that ISZ (M = —9.02
uViecm?, SE =0.52, d = —0.51), and IBP (M = =9.92 uVv/
cm?, SE =0.60, d =—0.38) had reduced NI relative to
HC (M =-12.72 uV/em®, SE=0.59; all P, <.05).
ISZR (M =-13.63 uV/ecm?, SE =0.52) had larger N1
compared to ISZ (d = 0.64), IBP (d = 0.51), and IBPR
(M =-10.4 uV/iecm?, SE=0.51, d=0.42). Partial cor-
relations accounting for age and visual acuity demon-
strated that N1 averaged across stimulus conditions was
negatively related to the M parameter (r(126) = —0.27,
P <.01) such that smaller N1 amplitudes were associ-
ated with greater release from suppression as relative ori-
entation of center and surround progressed from parallel
to orthogonal.

NI Hemispheric Asymmetry: Parametric Effects

Evidence suggests that ISZ is associated with a re-
duced rightward asymmetry that may reflect difficulties
maintaining attention across visual hemifields and may
be evident in N1 response.*'*% Accordingly, we exam-
ined group differences in this rightward asymmetry by
subtracting the N1 response to right surrounds from the
N1 response to left surrounds. There was an effect of
group (F=2.91, P=.02), but not relative surround ori-
entation (F = 0.86, P = .46) on the degree of hemispheric
asymmetry (right > left) for N1. Follow-up pairwise com-
parisons revealed that ISZ (M = —1.5 uV/icm?, SE = 0.51)
had reduced N1 asymmetry compared to HC (M = —3.2
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uV/em?, SE=0.52; P . =.02, d=0.56). Topographies
depicting (right > left) N1 hemispheric asymmetry are
presented in figure 3A.

Partial correlations accounting for participants’ age
and visual acuity indicated that the degree of asym-
metry toward the right hemisphere in the N1 was asso-
ciated with greater atypical perceptual modulation as
reported on the Sensory Gating Inventory (r(120) = 0.24,
P, = -03). Reduced rightward asymmetry in the N1 was
also associated with greater self-reported psychoticism on
the Personality Inventory for the DSM-V (r(116) = 0.24,
P = -04; figure 3B [top]). Finally, the asymmetry of the
N1 was associated with larger o parameter values from
the model of behavior (r(126) =0.25, P . = .01; figure
3B [bottom]), weakened untuned suppression (ie, more
positive o parameter values) was associated with reduced

hemispheric asymmetry in N1.

Tuned and Untuned Suppression in the NI VEP

Table 1 displays group-level means and standard devi-
ation for parameters of exponential decay function ap-
plied to participants’ N1 response. A visualization of
group differences of these parameters is depicted in sup-
plementary figure S6. There were no effects of diagnostic
group on the w, (F, ,;=0.58, P=.67), or o, (F, ,s =
1.37, P=.21). In contrast, there was an effect of diag-
nostic group on the M, parameter (F, ,,, = 2.86, P = .03)
with ISZ exhibiting stronger (more negative) M, relative
to HC (P, =.03).

FDR

Models of Nonparametric Effects in Behavioral Data:
GAMMs

The application of GAMMs allows for a parametric but
model-free characterization of behavioral measures of
contrast perception. Consistent with previous analyses,
there was an effect of diagnostic group (F, ,, =4.35,
P < .01)withISZ (1 = 3.02, P, <.01)and IBP (r = 2.22,
P = .03) having reduced contrast decrement relative to
HC across surround orientations. Nonparametric effects
of the GAMMs analysis included a main effect of visual
acuity (edf = 1.0, F = 6.13, P < .01), with worse acuity
predicting greater suppression across surround orienta-
tions. There was a strong nonlinear effect of orientation
(edf = 3.82, F ,; = 62.12, P < .001; figure 4A), indicative
of contrast suppression being modulated by the relative
orientation of the surround. There was also an interac-
tion between diagnostic group and surround orientation
(Fy 5, = 3.12, P<.001), indicating that as the relative
orientation of the surround varied, diagnostic groups
differed in the degree of contrast suppression of the
target (figure 4C). ISZ (edf = 3.31, F=5.36 P, <.01)
exhibited greater decreases in contrast suppression
with increased orientation mismatch (ie, greater release

from suppression) suggesting ISZ exhibited greater
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orientation sensitivity in contrast suppression relative to
HC (edf = 2.72).

Models of Nonparametric Effects in NI1: GAM Ms

Through the application of GAMMs we also character-
ized parametric effects on the N1 VEP during ODSS.
Consistent with the linear analysis there was an effect of

diagnostic group (F, ,. = 4.35, P < .01) with ISZ (1 = 2.52,
P = .04) having reduced N1 relative to HC across rel-

ative surround orientations. Nonparametric effects of the
model included a main effect of orientation indicating
that the N1 was modulated by surround orientation and
that the relationship was highly nonlinear (edf = 2.99,
Fl’125 =11.36, P <.001; figure 4B). There was no effect of
visual acuity on the N1 (edf = 1.0, F1,125 =0.01, P=.97).
There was also an interaction of group and orientation
(Fy 55 = 3.59, P <.01) indicating that as the relative ori-
entation of the surround varied, diagnostic groups dif-
fered in their N1 amplitudes (figure 4D). ISZ (edf = 2.85,
F=536, P, <.0l1) and ISZR (edf=2.43, F=542,
P <.01) exhibited greater decreases in N1 suppression
relative to HC (edf = 1.35) as the relative orientation be-
tween center-surround became closer to orthogonal (ie,

greater orientation sensitivity).

Discussion

We sought to better understand atypical surround sup-
pression in individuals with psychotic psychopathology
(ie, ISZ and IBP)" and their first-degree relatives (ie, IBPR
and ISZR)!® by examining whether early visual neural
functions (ie, N1 and P1) correlated with alterations in the
perceived contrast of a center stimulus that depended on
the characteristics of a surrounding stimulus. Both ISZ
and ISZR showed evidence that the perceived contrast of
the center was more dependent than HCs on the align-
ment of grating patterns within the center and surround
stimuli. The increased dependency of perceived contrast
on the relative orientation of center and surround grat-
ings indicates an enhanced influence of tuned suppression
(ie, dependent on relative orientation of gratings) in psy-
chotic psychopathology. The dependency of suppression
on relative orientation was mirrored in the early visual
response over the occipital hemisphere contralateral to
the visual field of the surround: ISZ and ISZR exhibited
a suppression of N1 amplitudes that was more strongly
dependent than HCs on alignment of grating patterns
within the center and surround (figure 4D). Interestingly,
ISZ also exhibited a smaller asymmetry of N1 amplitudes
toward the right occipital hemisphere which was associ-
ated with greater psychotic psychopathology and reduced
untuned suppression (measured as the amount of percep-
tual suppression by orthogonal surrounds). Neither indi-
cator of enhanced tuned nor reduced untuned contrast
suppression were related to bipolar disorder, although
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both ISZ and IBP showed overall reductions in N1 amp-
litudes. Results indicate that atypical contextual effects
on visual perception in schizophrenia derive from both
orientation-sensitive and insensitive mechanisms, while
genetic liability for schizophrenia is associated with an
enhanced sensitivity to orientation during surround
suppression.

Disruptions in the neural correlates of ODSS are ev-
ident along a continuum of psychotic psychopathology
and are consistent with our previous characteriza-
tions of atypical untuned suppression mechanisms.'®!
Collectively, these alterations in contrast suppression and
neurophysiological responses appear related to anoma-
lous visual functioning® and contribute to atypical visual
perceptual phenomena in psychosis,’* given the associ-
ations we found with real-world anomalous perception
and psychotic psychopathology. Thus, results of the
present study point to specific early neurophysiological
responses that may account for the altered use of visual
context in psychotic psychopathology. Notably, findings
of increased, rather than decreased, effects of orientation
sensitivity rule-out some nonspecific effects, such as poor
fixation and increased error rates, driving these effects.!*

Unlike the N1 component, which was sensitive to both
tuned and untuned aspects of surround suppression, the
earlier P1 component contralateral to the visual field of
the surround was insensitive to the effects of the surround
on perceived contrast of the center stimulus. Nevertheless,
P1 amplitude was reduced in ISZ, and modestly reduced
in IBP and ISZR. Reduced P1 was associated with greater
negative psychotic symptomatology and lower intelli-
gence. P1 reductions exhibited by ISZ replicates a con-
sistent neurophysiological finding in the disorder evident
during low-level (eg, contrast sensitivity)*>* and higher-
level (eg, perceptual closure)’”® visual functions. This
suggests reduced P1 may reflect alterations in early visual
cortical responses underlying atypical visual perception in
psychosis, perhaps as a result of alterations in visual gain
control in extrastriate cortices.*** Modest reductions of
P1in ISZR and IBP are consistent with studies involving
other visual paradigms that documented reduced P1 in
first-degree relatives,” and IBP.°! Therefore, attenuated
P1 may reflect a transdiagnostic anomaly related to ge-
netic and dimensional aspects of psychotic psychopa-
thology, wherein disruptions in early-latency VEP reflect
atypical visual gain control that is greatest in individuals
with a psychotic disorder.'®!*%2%* Results of the present
work provide evidence that atypical gain control is related
to cognitive difficulties and negative symptomatology,
which are associated with worse functional outcomes in
individuals with psychotic psychopathology.®*®

Suppression of N1 response to target stimuli was
greatest at parallel surrounds and weakest to orthogonal
surrounds, consistent with ODSS (figure 2A)."*!* The N1
was additionally associated with greater orientation sen-
sitivity during suppression of perceived target contrast

as measured by the M parameter of the ODSS model
(figure 2B). Concurrently, attenuated N1 responses were
associated with greater orientation sensitivity (larger
negative M), perhaps reflecting greater contrast suppres-
sion as gratings of the target, and surround became par-
allel. GAMM results suggest the orientation selectivity
of N1 responses conform to a nonlinear decay in sup-
pression with increasing relative orientation (figure 4A
and B). Tuned suppression mechanisms during contrast
perception have been characterized in psychophysical
studies and related to primate neurophysiology.>'4 16259
Hence, experimental results are aligned with prior work
demonstrating that the N1 reflects a neural correlate of
ODSS during contrast perception,? and suggest that the
generation of early visual response reflects the influence
of tuned suppression mechanism.'*?>2%7 Tuned sup-
pression is determined by either alterations in feedback
activity to V1 from higher-level visual areas (eg, V4 or lat-
eral occipital cortex)'*!*¥ or V1-intrinsic mechanisms (ie,
horizontal propagation of lateral connections in V1). It is
also important to note that individuals affected by severe
psychopathology (ISZ and IBP) exhibited attenuated N1
responses overall. In contrast, ISZR exhibited larger N1
which may reflect compensatory neural responses during
visual discrimination of the task.’s1%

Our investigation also revealed a rightward hemi-
spheric asymmetry in the N1 as participants completed
the ODSS task (figure 3A). This lateralization may reflect
the specialization of the right hemisphere in visuospa-
tial attention to process features across the target center,
surround, and reference.*!#2839%101-103 The distinct lack
of asymmetry in ISZ may relate to disrupted functions
of the right cerebral hemisphere which some researchers
have posited in schizophrenia.!** 1% Indeed, participants
with reduced lateralization in N1 response reported a
greater degree of trait psychoticism and anomalous real-
world perception, consistent with atypical lateralization
reflecting a trait marker of schizotypy, and a neural mech-
anism associated with the psychosis continuum.!'? 1%
Reduced asymmetry of the N1 may reflect difficulties
distributing attention across visual hemifields®>!% 112; dif-
ficulties allocating spatial attention may account for the
weakened untuned suppression exhibited by ISZ."

Limitations

Methodological limitations preclude direct mechanistic
linkages between neurophysiological results and surround
suppression mechanisms. Orientation selectivity in the
N1 responses could result from a feedback mechanism
that mediates orientation sensitivity,'* or a V1-intrinsic
mechanism.'"*!1% Also, future work should examine the
role of neural oscillatory dynamics in atypical suppres-
sion mechanisms given their fundamental role in visual
perceptual processes that are disrupted in psychosis.!'7122
Alpha oscillations are implicated as a Vl-intrinsic
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suppression mechanism, while gamma-synchronization is
integral to receptive field dynamics underlying the proc-
essing surrounds'?*!1?%; both are implicated in GABAergic
neurotransmission. Collectively, examining the role of
neural oscillations may help clarify the neurophysio-
logical mechanisms of ODSS, and test whether specific
neural mechanisms in the visual system relate to more
diffuse neural phenomena related to pathophysiological
processes in psychosis. 2126

Conclusion

The present work examined whether alterations in early-
latency visual neural functions were related to disrup-
tions in visual suppressive mechanisms in ISZ.'$1° We
found evidence for disruptions of both untuned suppres-
sive mechanisms (a reduction) and tuned suppressive
mechanisms (greater dependence on relative orientation).
These findings add to the growing evidence that ISZ ex-
perience alterations of function at many levels of the
visual system.?®!127:128 Collectively, our findings highlight
the utility of employing surround suppression paradigms
to investigate atypical psychophysical and neurophysio-
logical functions that span conventional diagnoses, and
are related to genetic and dimensional aspects of psy-
chotic psychopathology.'®!%3*

Supplementary Material

Supplementary material is available at https://academic.
oup.com/schizophreniabulletin/.
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