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Abstract

Glaucoma is considered a progressive optic neuropathy because of the damage and death

of the retinal ganglion cells. It is also a neurodegenerative disease because it affects neural

structures in the visual system and beyond, including the corpus callosum–the largest white

matter structure involved in inter-hemispheric transfer of information. In this study we probed

the dysfunction of the inter-hemispheric processing in patients with mild glaucoma using the

phenomenon of binocular rivalry. Patients with mild glaucoma and no measurable visual

field defects and age-matched controls underwent a thorough visual assessment. Then

they participated in a series of psychophysical tests designed to examine the binocular

rivalry derived from intra- and inter-hemispheric processing. Static horizontal and vertical

sinewave gratings were presented dichoptically using a double-mirror stereoscope in 3 loca-

tions: centrally, to probe inter-hemispheric processing, and peripherally to the left or to the

right, to probe intra-hemispheric processing. Although the two groups were matched in func-

tional measures, rivalry rate of the glaucoma group was significantly lower than that of the

control group for the central location, but not for the peripheral location. These results were

driven mainly by the patients with normal tension glaucoma whose average rivalry rate for

the central location (from which information reaches the two hemispheres) was almost half

(46% lower) that of the controls. These results indicate a dysfunction in inter-hemispheric

transfer in mild glaucoma that can be detected behaviourally before any changes in stan-

dard functional measures.

Introduction

Glaucoma is the second leading cause of blindness affecting more than 60 million people

worldwide.[1] It is considered a progressive optic neuropathy because of the damage and

death of the retinal ganglion cells (RGCs),[2] as well as a neurodegenerative disease because it

affects neural structures in the visual system far beyond the retina.[3] Histopathological exami-

nation of the brain from patients with advanced glaucoma has revealed degeneration of the

intracranial optic nerve, the lateral geniculate nucleus, and the visual cortex,[4] while neuroim-

aging studies have shown changes in the entire primary visual pathways (i.e., retina, optic
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nerve, optic chiasm, optic tract, lateral geniculate nucleus, optic radiation, and the visual cor-

tex).[5–10] The degeneration observed in the visual pathways may be caused by the propaga-

tion of the pre-geniculate damage, through mechanisms such as Wallerian degeneration.[3,9]

Glaucoma is also associated with neurodegeneration beyond the primary visual pathways,

including in the corpus callosum [9,10] which is the most important brain structure involved

in inter-hemispheric transfer of visual information.[11] It has been found that, compared to

controls, the volume of the corpus callosum is increased in early glaucoma, and decreased in

more advanced stages of disease.[10] Boucard et al.[9] also found neurodegeneration in the

body and splenium of the corpus callosum in patients with moderate-stage glaucoma, and

proposed that this callosal degeneration could not be explained by the propagation of the pre-

geniculate damage but rather by an additional degenerative mechanism. However, we do not

have any behavioural evidence that dysfunction in inter-hemispheric transfer—suggestive of

callosal degeneration—exists in these patients. It is known that a large proportion of RGCs is

lost before any visual field defects are detected with standard perimetry [12] making glaucoma

notoriously difficult to detect. A behavioural test targeting inter-hemispheric transfer could

serve as a biomarker for early detection.

A potential non-invasive psychophysical test to probe inter-hemispheric transfer integrity

involves the phenomenon of binocular rivalry. In binocular rivalry the perceptual experience

alternates between the information from each eye despite unchanging visual stimuli. When

one image is presented to one eye and a different image is presented to the other eye in a

region of retinal correspondence, the brain cannot integrate the two into a stable percept.

Rather, the two images compete for visual awareness, with one image being perceived while

the other is suppressed, only to reverse the visual dominance moments later. Binocular rivalry

provides insights into the dynamics of the visual system, including the intra- and inter-hemi-

spheric processing of visual information,[13–18] but despite its long history this phenomenon

is not fully understood. Rivalry processing depends on the complexity of the stimuli [15,18,19]

and it has been proposed that a unified model of rivalry could involve multi-level hierarchic

rivalry stages, with rivalry of traditional stimuli (e.g., static orthogonal sinewave gratings)

being processed in the earliest stages of the visual hierarchy.[20]

Under natural binocular viewing conditions, visual information from the left half of the

visual field is projected initially to the right occipital lobe and that from the right half of the

visual field to the left occipital lobe. This is possible because the primary visual pathway is orga-

nized in such a way that the optic nerve fibers from the nasal hemiretina of one eye cross at the

optic chiasm and come together with the uncrossed fibers from the temporal hemiretina of

the other eye to form the optic tract. The information from both hemispheres needs to be

integrated for a coherent visual percept, and the most important brain structure involved in

inter-hemispheric transfer is the corpus callosum.[11] During binocular rivalry, when two tra-

ditional stimuli are presented dichoptically in a peripheral location on the left or on the right,

visual information about both stimuli reaches the contralateral hemisphere (as shown in the

schematics from Fig 1, left panel) and rivalry relies only on intra-hemispheric processing.

Conversely, when two traditional stimuli are presented dichoptically in a central location,

visual information about both stimuli reaches both hemispheres (see Fig 1, right panel), and

the rivalry processing is combined and synchronized through inter-hemispheric communica-

tion. Rare patients who have undergone corpus callosotomy show normal rivalry processes

when stimuli are presented only on the right or on the left hemifield, but not when presented

centrally. [21,22]

The purpose of this study was to probe the integrity of the inter-hemispheric transfer using

binocular rivalry in patients with mild glaucoma and no detectable deficits on standard func-

tional measures. Static horizontal and vertical sinewave gratings were shown dichoptically
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using a double-mirror stereoscope in 3 locations: centrally, to test inter-hemispheric process-

ing, and peripherally on the left or on the right, to test intra-hemispheric processing. Based on

imaging findings of callosal degeneration in patients with glaucoma, [9,10] we hypothesized a

dysfunction of the inter-hemispheric transfer that could be detected behaviourally in the early

stages of the disease.

Materials and methods

Participants

Thirty-one patients with mild open angle glaucoma (mean age 66 ± 12 years) and 30 age-

matched controls (mean age 63 ± 10 years) participated in this study. A diagnosis of mild glau-

coma was made by an experienced glaucoma specialist (the author GET) and was based on 1)

changes consistent with the diagnosis of mild glaucoma shown by consecutive clinical exami-

nations of the status of the optic disc, 2) intraocular pressure level, and/or 3) a family history of

Fig 1. Schematic of the visual pathways during binocular rivalry processing. Left panel shows that when two different stimuli are presented

dichoptically (through a double-mirror stereoscope, not shown on this schematic) on the right hemifield, both stimuli reach the contralateral

hemisphere eliciting only intra-hemispheric processing. The right panel shows that when the same stimuli are presented dichoptically in a central

location, both stimuli reach both hemispheres and rivalry processing needs to be synchronized through inter-hemispheric transfer.

https://doi.org/10.1371/journal.pone.0229168.g001
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glaucoma. Mild glaucoma corresponded to stage 0 to 1 of the Hodapp-Parrish Anderson Glau-

coma Grading Scale.

Inclusion criteria. Care was taken to select participants—both patients and controls—

with equivalent structural and functional measures in the two eyes. For the glaucoma group,

inclusion criteria included: 1) confirmed diagnosis of mild bilateral open angle glaucoma; 2)

no other comorbid ocular pathologies; 3) no significant functional or structural asymmetries

between the two eyes; and 4) no significant monocular or binocular functional deficits (i.e.,

normal or close to normal visual acuity, stereo acuity, visual field’s mean deviation). Patients

were also included if they had intraocular pressure normalized with medication (i.e., below

21mmHg). Age-matched controls were included if they had 1) no ocular pathologies, and 2)

no functional and structural deficits or asymmetries in the two eyes.

Exclusion criteria. Patients with more advanced stages of glaucoma and/or a history

of eye surgery were excluded. Patients and age-matched control participants with cognitive

impairment, a history of neurological disease, or other significant ocular diseases with the

exception of symmetric mild cataracts were not included in this study. Participants who

were not able to fuse the fixation crosses during the rivalry experiment were also excluded.

Twenty patients had a diagnosis of primary open angle glaucoma (POAG) and 11 had nor-

mal tension glaucoma (NTG). All patients were under treatment and/or monitored for disease

progression by a glaucoma specialist at the Eye Clinic from the Toronto Western Hospital.

The control participants were volunteers or recruited from advertisements throughout the

hospital. Testing was performed at the Ocular Motor Laboratory at the same hospital. Written

informed consent was obtained from all participants after the study was explained in detail.

Ethics approval was obtained from the University Health Network’s Research Ethics Board

and the research was conducted in accordance with the tenets of the declaration of Helsinki.

Demographics and clinical characteristics of the two groups are presented in Table 1. Detailed

analysis of the functional and structural measures for the two groups is presented in the Results

section.

Apparatus and stimuli

Functional, structural, and psychophysical measures were obtained. Functional measures were

visual acuity, stereo acuity, and visual field’s sensitivity. Structural measures were average cup-

to-disc ratio, vertical cup-to-disc ratio, and peripapillary retinal nerve fiber layer (RNFL) thick-

ness. Psychophysical measures were obtained from binocular rivalry tests and included rivalry

rate and proportion of percept dominance (i.e., horizontal, vertical, or mixed). In addition,

cognitive abilities were tested with the Montreal Cognitive Assessment test (MoCA, www.

mocatest.org).

Functional measures. Visual acuity. Visual acuity was measured at a distance of 6 m with

a computerized version of the ETDRS (Early Treatment Diabetic Retinopathy Study) chart

(single line) using the Accommodata Stimuli System, Version 3.5 (Haag–Streit, Mason, OH).

Measurements were performed binocularly and monocularly for each eye, with the partici-

pant’s habitual corrective spectacles, at high (95%) and low (25%) contrast. A letter-by-letter

scoring system was used.

Stereo acuity. Stereo acuity was assessed with the Random Dot Stereoacuity Test (Good-Lite

Company, Elgin, IL).

Visual field sensitivity. Monocular visual fields (left and right eye) were assessed using the

Humphrey Field Analyzer (Humphrey Field Analyzer; model HFA-II 750; Carl Zeiss Meditec,

Dublin, CA) and the monocular 24–2 Swedish Interactive Threshold Algorithm-Standard.

Mean deviation (MD) values were obtained from the tests deemed reliable (i.e., with less than
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20% fixation losses and less than 33% false positive and false negative responses). Stage 0 to 1

glaucoma corresponds to no visual field defects (i.e., MD values of 0dB or better) to MD of

-6dB.

Structural measures. Average cup-to-disc ratio, vertical cup-to-disc ratio, and RNFL

thickness measurements for each eye were obtained with spectral domain optical coherence

tomography (OCT, model Cirrus; Carl Zeiss Meditec, Dublin, CA), using a 200 x 200 optic

disc cube protocol scan.

Psychophysical measures. Rivalry rates and percept dominance were obtained during a

rivalry test. The rivalry stimuli were generated with VPixx, a graphics and psychophysics soft-

ware (VPixx Technologies, Inc., Montreal, QC), and presented on an iMac computer screen

with a resolution of 1680 x 1050 pixels. A double-mirror stereoscope placed in front of the

computer on an adjustable table was used for the dichoptic presentation. A black mask sur-

rounded the stimulus area on the monitor and a vertical septum ensured that different stimuli

were seen by the left and the right eyes separately (Fig 2, left panel). The 5 deg diameter stimuli

contained orthogonal (horizontal or vertical) sinewave gratings with a spatial frequency of 3

cpd. Stimuli were presented on a gray background either: A) centrally, B) 5 deg eccentrically

on the right of the visual field, or C) 5 deg eccentrically on the left (Fig 2, right panel). A 0.5

deg green fixation cross was presented centrally; eccentricity was measured from the middle of

this fixation cross to the stimulus’ center.

A button-response box connected to a PC computer and in-house software written in

Visual Basic (Microsoft, Albuquerque, NM, US) recorded rivalry rate (i.e., the number of

Table 1. Demographic and clinical characteristics for the glaucoma and control groups, along with p values for

the independent-sample t-tests.

Glaucoma Group Control Group p value

N [M/F] 31 [19/12] 30 [18/12] -

Age (years) 66 ± 12 63 ± 10 0.24

Stereo acuity (sec) 100 ± 187 46 ± 75 0.15

Visual acuity 96% contrast (logMAR)

Binocular -0.05 ± 0.08 -0.14 ± 0.13 0.004
Right eye -0.02 ± 0.11 -0.11 ± 0.13 0.005
Left eye 0.00 ± 0.10 -0.10 ± 0.11 0.001

Visual acuity 25% contrast (logMAR)

Binocular 0.06 ± 0.12 -0.03 ± 0.11 0.004
Right eye 0.10 ± 0.13 0.00 ± 0.12 0.003
Left eye 0.12 ± 0.14 0.03 ± 0.12 0.009

Visual field mean deviation (dB)

Right eye -0.18 ± 1.63 0.62 ± 1.82 0.08

Left eye -0.36 ± 1.70 0.27 ± 1.67 0.16

Retinal nerve fiber layer (μm)

Right eye 80.8 ± 10.1 89.6 ± 9.3 0.001
Left eye 78.7 ± 8.2 88.0 ± 10.4 0.000

Average cup-to-disc ratio

Right eye 0.68 ± 0.07 0.49 ± 0.13 0.000
Left eye 0.68 ± 0.07 0.48 ± 0.12 0.000

Vertical cup-to-disc ratio

Right eye 0.67 ± 0.08 0.47 ± 0.11 0.000
Left eye 0.68 ± 0.09 0.47 ± 0.13 0.000

MOCA cognitive test 27.6 ± 1.6 28.1 ± 1.9 0.38

https://doi.org/10.1371/journal.pone.0229168.t001
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perceptual switches per minute) and percept dominance (i.e., how long each one of the two sti-

muli or piecemeal percepts were reported). Horizontal and vertical tactile cues were attached

to the two response buttons to indicate which button corresponded to each stimulus orienta-

tion. Pressing the two simultaneously indicated a piecemeal percept.

Procedure

Functional, structural, and psychophysical measures as well as the cognitive test were taken in

a single 2-hour long session. After the experiment was explained and informed consent was

obtained, the participants underwent the following testing: monocular and binocular visual

acuity at high and low contrast, stereo acuity thresholds, OCT scans, visual field tests, and cog-

nitive assessment. Then, the binocular rivalry test was conducted as follows. Participants were

seated in an adjustable chair and had their head stabilized with a chin rest. The apparatus’

table was adjusted such that the center of the screen was at each participant’s eye level. After

all the adjustments were made, a practice run and then testing were performed in a darkened

room, where all light sources—except for the computer monitor showing the stimuli—were

eliminated. A practice trial used the orthogonal stimuli presented dichoptically in a central

location. After it was confirmed that the participants saw only one fixation cross, the partici-

pants were instructed to keep their gaze stable on the green cross and asked to indicate whether

they perceived the horizontal gratings, the vertical gratings, or a mixed percept by pressing

and holding one button, the other button, or both buttons of the button-response box, respec-

tively. Binocular rivalry was then tested in 6 conditions: 3 locations (central, right, left) x 2

stimulus presentation (horizontal gratings to the right eye and vertical gratings to the left eye,

and vice versa), shown in a random order. Each condition was one-minute long with a brief

break before another condition started. For the peripheral conditions, the participants were

Fig 2. Apparatus and stimuli for the rivalry experiment. Left panel shows a diagram of the double-mirror stereoscope showing the two sets of mirrors

(in grey) and the septum which ensured dichoptic presentation of the stimuli. Right panel shows the three types of dichoptic stimuli: A) central, B) 5

deg on the right of the visual field, and C) 5 deg on the left of the visual field. Note that for half of the trials the horizontal stimuli were presented to the

left eye and the vertical stimuli to the right eye, and conversely for the other half.

https://doi.org/10.1371/journal.pone.0229168.g002
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repeatedly reminded to keep their eyes fixated on the central green cross, but to pay attention

to the eccentric rivalrous stimuli.

Data analysis

The main outcome measures were the rivalry rate and percept dominance. Rivalry rate was

reported as the number of perceptual switches per minute, averaged for the two stimulus pre-

sentation conditions (i.e., horizontal gratings presented to the right eye and vertical gratings to

the left eye, and vice versa) at each location. The percept dominance was eye-based and defined

as the proportion of time of exclusive dominance of the stimulus projected to the left eye, to

the right eye, or the mixed percept [i.e., dominant percept / (mixed percept + dominant per-

cepts)]. As with the rivalry rate, the data from the two stimulus presentation conditions were

averaged for each location.

Data were analyzed with parametric tests such as Pearson product moment correlations,

independent samples t-tests, paired samples t-tests, as one-way analysis of variance (ANOVA)

and mixed factorial ANOVA. Alpha level was set at 0.05 for all tests, and, in cases of multiple

comparisons, the familywise error rate was controlled with the Bonferroni approach. The

ANOVA effects were adjusted with a Greenhouse-Geisser correction when violations of sphe-

ricity assumption were detected.

Results

Participants

For the two groups, there were no significant differences in age, stereo acuity, visual field’s

mean deviation, and MoCA cognitive test (smallest p = 0.08). Binocular and monocular visual

acuities at high and low contrast were normal for both groups. At high contrast the average

visual acuity was 0.00 ± 0.10 logMAR (Snellen 20/20) or better for the glaucoma group and

-0.10 ± 0.11 logMAR (Snellen 20/16) or better for the control group. At low contrast the aver-

age visual acuity was 0.12 ± 0.14 logMAR or better for the glaucoma group and 0.03 ± 0.12 log-

MAR or better for the control group. A large difference between the acuity values at high and

low contrast would indicate problems with contrast sensitivity that would not be detectable by

visual acuity.[23] The two groups did not differ in this aspect for binocular or monocular view-

ing (smallest p = 0.52). As expected, the glaucoma group differed significantly from the control

group in structural measures: thinner RNFL layer, larger average cup-to-disc ratio, and larger

vertical cup-to-disc ratio (smallest t(59) = -3.5, p = 0.001).

Inter-ocular differences. In order to ensure that the rivalry results were not due to differ-

ences between the two eyes, the inter-ocular differences in functional and structural measures

were examined with paired sample t-tests for each group. For the glaucoma group, there were

no significant differences between the left and the right eye for acuity at high or low contrast,

for visual field’s mean deviation values, for RNFL thickness, for the average cup-to-disc ratio,

or for the vertical cup-to-disc ratio (smallest p = 0.2). The results were similar for the control

group (smallest p = 0.06). Moreover, the two groups did not differ in any inter-ocular differ-

ence measures (smallest p = 0.07).

Overall analysis of the rivalry rate

Rivalry rate was analyzed with a 3 (Location: central, right, left) x 2 (Group: glaucoma, control)

mixed factorial ANOVA. The analysis showed a significant Location main effect F(1.5, 89.8) =

22.5, p< 0.001, partial η2 = 0.28 and an interaction Location x Group effect F(1.5, 89.8) = 3.8,

p = 0.04, partial η2 = 0.06, but no Group effect. Pairwise comparisons showed that overall

Binocular rivalry in glaucoma
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rivalry rate for the central location was significantly higher than those for peripheral right or

left, p< 0.001. Also, rivalry rate of the control group was significantly higher than that of

the glaucoma group for the central (p = 0.03), but not for the peripheral locations (smallest

p = 0.4). The rivalry rate of the glaucoma group was 20% lower than that of the control group

for the central location. For the control group, the rivalry rate was significantly higher in the

central condition than in the 2 peripheral conditions, p< 0.001. For the glaucoma group, the

rivalry rate was similar for the 3 location conditions, smallest p = 0.05. The results are shown

in Fig 3.

Rivalry rate: NTG vs POAG

In the glaucoma group, 20 patients had a diagnosis of POAG and 11 patients were diagnosed

with NTG; therefore, we split the overall group into 2 subgroups. [The POAG, NTG, and

control groups were matched in age, one-way ANOVA F(2, 58) = 1.8, p = 0.17.] We re-

analyzed the rivalry rate data using a 3 (Location: central, right, left) x 3 (Group: POAG, NTG,

control) mixed factorial ANOVA. The analysis showed a significant main effect of Location, F

(1.55, 89.8) = 11.6, p< 0.001, partial η2 = 0.17, a significant Location x Group interaction, F

(3.1,89.8) = 3.51, p = 0.017, partial η2 = 0.11, and a significant Group effect, F(2, 58) = 4.61,

p = 0.014, partial η2 = 0.14. Follow-up analysis revealed that, overall, rivalry rate was signifi-

cantly lower for the NTG group than for the POAG (p = 0.017) and control groups (p = 0.028),

but the POAG and the control groups had similar rivalry rates. Moreover, as with the previous

analysis, overall rivalry rate when the stimuli were in the central location was significantly

higher than when they were in the periphery to the left or to the right (largest p = 0.002). The

rivalry rate of the NTG group was significantly lower than those of the POAG, p = 0.003 (i.e.,

Fig 3. Rivalry rate. Rivalry rate for central and peripheral conditions for the two groups. Error bars are ± 1SE.

https://doi.org/10.1371/journal.pone.0229168.g003
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43% lower) and control groups, p< 0.001 (i.e., 46% lower) for the central location, but not for

the peripheral locations (smallest p = 0.17). For the NTG group, rivalry rates were similar in all

3 location conditions, whereas POAG and control groups had higher rivalry rates for the cen-

tral than for the 2 peripheral locations (largest p = 0.028). The results are shown in Fig 4.

Percept dominance

The percept dominance was the proportion of time of exclusive dominance of the stimuli pro-

jected to the left eye, to the right eye, or the mixed percept. These data were treated as paramet-

ric and were analyzed with separate 3 (Percept: left, right, mixed) x 2 (Group: glaucoma,

control) mixed factorial ANOVAs for each stimuli location. For the central location, there was

only a significant main effect of Percept, F(1.7, 98.4) = 28.5, p< 0.001, partial η2 = 0.33, but no

interaction or Group effect. Pairwise comparisons showed that the exclusive dominance of the

stimuli projected to the right eye was the same as those projected to the left eye, but the mixed

percept was perceived significantly less, p< 0.001. The same pattern of results was found for

the right location, F(1.4, 85.2) = 11.7, p< 0.001, partial η2 = 0.12 and for the left location, F

(1.6, 93.5) = 14.6, p< 0.001, partial η2 = 0.20. These data are shown in Fig 5.

When the glaucoma group was split into POAG and NTG subgroups the pattern of results

was maintained: for the 3 stimuli locations, the separate 3 (Percept: left, right, mixed) x 3

(Group: POAG, NTG, control) mixed factorial ANOVAs showed no interaction or Group

effect, but a significant Percept effect (largest p = 0.003), with the mixed percept being per-

ceived significantly less (largest p = 0.02) than the exclusive dominance of the stimuli projected

to the left or to the right eye.

Fig 4. Rivalry rate for subgroups. Rivalry rate for central and peripheral conditions for the control group and the two

glaucoma subgroups. Error bars are ± 1SE.

https://doi.org/10.1371/journal.pone.0229168.g004
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Stereo-acuity analysis

The neural mechanisms of binocular rivalry and stereopsis partially overlap.[24] We applied a

log transformation to normalize the stereo-acuity data. A one-way ANOVA revealed that the

differences in stereo-acuity among the Control, POAG, and NTG groups were not statistically

significant, F(2, 58) = 0.99, p = 0.38. We further checked this analysis with a non-parametric

test for 3 independent samples using Kruskal-Wallis H test on un-transformed data and found

no differences, H(2) = 0.66, p = 0.72.

Rivalry rate—Central location

Because glaucoma and control groups differed significantly in rivalry rate for the central loca-

tion, we further examined 1) the relationships of the rivalry rate for this location with func-

tional and structural measures for the two groups, and 2) the ability of the test to detect NTG

from overall glaucoma and control groups.

Rivalry rate and its relationships with functional and structural measures. For the con-

trol group, there was a significant correlation between rivalry rate for the central location and

age, r(28) = -0.54, p = 0.002, but this was not the case for the glaucoma group, r(29) = -0.23,

p = 0.21. The relationship between rivalry rate and the visual field’s mean deviation (that is,

average mean deviations of the left and right eye) was weak but significant for the glaucoma

group r(29) = 0.37, p = 0.043, and non-significant for the control group r(28) = -0.25, p = 0.18.

There was no significant relationship between rivalry rate and the other functional (i.e., visual

acuity, stereo-acuity) or structural (i.e., RNFL thickness, average cup-to-disc ratio, vertical

cup-to-disc ratio) measures for both groups (smallest p = 0.054).

Ability of the test to detect NTG. Rivalry rate for the central location was significantly

lower for the overall glaucoma group, but this result was driven by patients with NTG. We fur-

ther examined how good the test was at separating the patients with NTG from the overall

glaucoma group, as well as controls. We first built the receiver operating characteristic (ROC)

Fig 5. Percept dominance. For the two groups and for stimuli presented centrally, to the right, and to the left, proportion of time of

exclusive percept dominance of the stimuli presented to the left and to the right eyes as well as mixed dominance. Error bars

are ± 1SE.

https://doi.org/10.1371/journal.pone.0229168.g005
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curves for both models (NTG / Glaucoma and NTG / Control). Then, we determined the best

cut-off value based on the Youden’s index, that is the highest value of Sensitivity + Specificity–

1. The ROC curves are shown in Fig 6. We found that for both models, the best cut-off was a

value of 14.25. In the NTG subgroup, 8 out of 11 patients had a rivalry rate below this value,

whereas only 3 out of 20 patients with POAG and 3 out of 30 controls had the rivalry rate

below the cut-off value. Sensitivity, specificity, and accuracy of the two models are shown in

Table 2.

Discussion

Using binocular rivalry, we explored the intra- and inter- hemispheric processing of visual

information in patients with mild glaucoma who had no significant defects on standard func-

tional measures. Traditional rivalry stimuli (i.e., static orthogonal sinewave gratings) were pre-

sented dichoptically in a central location to involve inter-hemispheric processing, and in a

peripheral location to the left or to the right to involve processing only in the right or in the left

hemisphere, respectively. We found that, compared to the control group, the glaucoma group

had a significantly lower rivalry rate for the central location—driven primarily by the patients

with NTG—, but the rivalry rates for the peripheral locations were similar for all participants.

These results suggest dysfunction in the inter-hemispheric processing of visual information.

It is generally accepted that perceptual dominance dynamics during rivalry involve recipro-

cal inhibitory interactions between populations of neurons in the visual cortex as well as neural

adaptation of the activity associated with the dominant stimulus at any given time. That is, the

Table 2. Sensitivity, specificity, and accuracy of the test for detecting NTG from the overall glaucoma group as well as from the control group.

Sensitivity (%) Specificity (%) Accuracy (%)

NTG / Glaucoma 73 85 81

NTG / Control 73 90 85

https://doi.org/10.1371/journal.pone.0229168.t002

Fig 6. ROC curves. ROC curves are shown for the NTG / Glaucoma model (left panel) and for the NTG / Control model (right panel). The gray marker

on both curves represents the best cut-off value.

https://doi.org/10.1371/journal.pone.0229168.g006

Binocular rivalry in glaucoma

PLOS ONE | https://doi.org/10.1371/journal.pone.0229168 February 25, 2020 11 / 16

https://doi.org/10.1371/journal.pone.0229168.t002
https://doi.org/10.1371/journal.pone.0229168.g006
https://doi.org/10.1371/journal.pone.0229168


neural responses associated with the dominant stimulus fade over time, allowing the neural

activity associated with the suppressed stimulus to reverse the perceptual dominance.[15,20]

The dynamics in the visual cortex during rivalry may depend on a balance of excitatory (i.e.,

glutamate) and inhibitory (i.e., gamma-aminobutyric acid or GABA) neurotransmitters. It has

been shown that in a neurotypical population there is a link between glutamate and GABA lev-

els and rivalry rate,[25] and that higher GABA concentration in the visual cortex leads to a

lower rivalry rates.[26] These findings imply that a glutamate and/or a GABA dysregulation in

the visual cortex would lead to an abnormal rivalry dynamics; this proposition is supported by

research showing lower rivalry rate in neurological disorders associated with GABAergic

transmission abnormalities such as bipolar disorder,[27,28] schizophrenia,[29] major depres-

sion,[30] attention deficit and hyperactivity disorder,[31] and autism spectrum disorder.

[25,32] Glutamate excitotoxicity has been implicated in neurodegenerative diseases such as

multiple sclerosis,[33] Alzheimer’s disease, and Huntington’s disease,[34] but binocular rivalry

has not been studied in patients affected by these conditions.

Our current results point to a dysfunction of the inter-hemispheric processing involving

the corpus callosum, rather than a dysregulation of the excitatory/inhibitory neurotransmitters

in the visual cortex. Although GABA dysregulation and glutamate excitotoxicity has been

implicated in RGCs degeneration in rodent models of glaucoma,[35–38] and a trend towards

higher glutamate levels in the visual cortex with disease progression has been found in

humans,[39] the results presented here are not sufficient to support the hypothesis that a neu-

rotransmitter dysregulation that can be detected behaviourally exists in the visual cortex of

patients with mild glaucoma. If this were true, then rivalry rate would not be affected selec-

tively for the central location condition (i.e., inter-hemispheric processing), but would also be

lower for the peripheral locations (i.e., intra-hemispheric processing). However, in this experi-

ment we measured perceptual switches and percept dominance, but other aspects of binocular

rivalry such as speed of propagation of rivalry dominance can be evaluated using different

experimental paradigms [40] that may provide further insights into the neural processing dur-

ing rivalry in glaucoma.

Interestingly, the lower rivalry rate for the central location was driven by patients with NTG.

Degeneration in the splenium and body of the corpus callosum has been observed in patients

with more advanced stages of NTG,[9] but it is not clear whether the same kind of degeneration

exists in POAG. Although metabolic [39] and structural [10] changes have been observed in

the glaucomatous brain, it is possible that some white matter changes are specific only to NTG

in the initial stages, suggesting a mechanism of disease that may be different from that of

POAG.[41] Support for this idea comes from a study showing that, using the diffusion tensor

imaging technique, NTG could be discriminated with high accuracy from POAG and controls

based on structural changes in the optic radiations.[42] Our study shows that a behavioural test

involving inter-hemispheric transfer of visual information is also able to differentiate NTG in a

glaucoma group and from controls with acceptable accuracy and with high specificity.

Overall, rivalry rates for peripheral locations were lower than that for the central location. It

has been shown that in experienced observers with normal vision the exclusive dominance

increases—thus the rivalry rate decreases—with retinal eccentricity. This effect is not explained

solely by Troxler fading, spatial frequency, or reduced visual acuity in the periphery, but may be

due to a growth in suppression with retinal eccentricity.[43] Our study shows nearly identical

peripheral rivalry rates within and between groups and these findings bring additional support

to the idea that glaucoma affects inter-hemispheric transfer before any other functional changes.

It has been shown that stereo-acuity starts to decline in glaucoma suspects, [44] but the defi-

cit becomes more pronounced in the later stages of disease.[45] In young observers with

healthy binocular vision there is a significant but weak relationship between stereopsis and
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rivalry rate suggesting that stereopsis and binocular rivalry may share, in a small part, the same

neural mechanism.[24] We did not find any relationship between stereo-acuity and rivalry

rates for glaucoma or control groups. However, fusion and stereopsis are the main functions

of binocular vision and typically they take precedence over binocular rivalry in participants

with normal vision [24,46] and perhaps these functions are robust to initial degenerative stages

in patients.

In conclusion, there is strong evidence of neurodegeneration in the visual system of patients

with early and more advanced stages of glaucoma,[3–10] and recently neurodegeneration has

been discovered beyond the primary visual pathways, in the corpus callosum that is involved

in inter-hemispheric transfer.[9,10] Using behavioural methods, we probed the efficacy of the

inter-hemispheric transfer of visual information and found dysfunction in patients with glau-

coma who otherwise had no functional deficits on standard measures. Interestingly, we found

that the lower rivalry rate for the central location (i.e., inter-hemispheric processing) was

driven by the NTG subgroup, supporting the notion that NTG and POAG pathology do not

overlap entirely.
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