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PURPOSE. In glaucoma, visual field defects in the left and right eye may be non-
overlapping, resulting in an intact binocular visual field. In clinical management, these
patients are often considered to have normal vision. However, visual performance also
relies on binocular processing. The aim of this study was to evaluate binocular visual
functions in glaucoma patients with intact binocular visual field, normal visual acuity,
and stereoscopy.

METHODS. We measured in 10 glaucoma patients and 12 age-similar controls: (1) monoc-
ular and binocular contrast sensitivity functions (CSF) using a modified quick CSF test
to assess binocular contrast summation, (2) dominance during rivalry, and (3) contrast
ratio at balance point with a binocular phase combination test. A mirror stereoscope was
used to combine the left and right eye image (each 10° horizontally by 12° vertically) on
a display.

RESULTS. Area under the monocular and binocular CSF was lower in glaucoma compared
to healthy (P < 0.001), but the binocular contrast summation ratio did not differ (P =
0.30). For rivalry, the percentage of time of mixed percept was 9% versus 18% (P = 0.056),
the absolute difference of the percentage of time of dominance between the two eyes
19% versus 10% (P = 0.075), and the rivalry rate 8.2 versus 12.1 switches per minute (P
= 0.017) for glaucoma and healthy, respectively. Median contrast ratio at balance point
was 0.66 in glaucoma and 1.03 in controls (P = 0.011).

CONCLUSIONS. Binocular visual information processing deficits can be found in glaucoma
patients with intact binocular visual field, normal visual acuity, and stereoscopy.

Keywords: binocular vision, contrast summation, rivalry, phase combination, glaucoma

I n healthy individuals, signals from both eyes are inte-
grated to create a single and stable image of the outside

world that permits binocular vision. Glaucoma is a neurode-
generative disease characterized by progressive damage of
the retinal ganglion cells, leading to loss of retinal sensi-
tivity. In early and moderate glaucoma, this loss of sensi-
tivity results in apparently localized visual field defects.1

Often, the location of these defects differs between the
eyes (nonoverlapping visual field defects), resulting in an
intact binocular visual field. In clinical management, these
patients are often considered to have normal vision, and
some authors advocate to base treatment decisions on the
binocular visual field. This approach may avoid overtreat-
ment but may also threaten visual performance. After all,
visual performance also relies on binocular visual informa-
tion processing. Therefore, even at relatively early stages,
the degradation of monocular visual functions may impact
the visual quality of life of glaucoma patients.2,3 Binoc-
ular visual performance in glaucoma patients has been
explored before,4–7 but the understanding of binocular

visual information processing in glaucoma is far from
complete.

Our brain is able to integrate information received by
each eye, even if the inputs are different. At least four differ-
ent mechanisms exist: stereoscopy (depth information from
disparity),8,9 contrast summation (lower binocular detection
threshold in case of identical monocular spatial inputs),10–15

rivalry (handling of conflicting spatial information),16–19 and
phase combination (monocular inputs differ but are suffi-
ciently equal to result in a stable, single percept.20–22 In
this study we focus on the last three mechanisms. To date,
some studies have shown separately how glaucoma patients
integrate two identical monocular spatial inputs (binocular
contrast summation)4,5,23,24 and how they deal with conflict-
ing information in binocular rivalry.25,26 However, phase
combination seems thus far largely unexplored in glaucoma.

Recently, it was argued that assessment of binocular func-
tion, specifically binocular contrast summation, is dependent
on multiple factors and requires standardization.27 There-
fore, to complement what has been done already, our arti-
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cle focuses on the use of new methodological guidelines
suggested to precisely assess binocular functions in clini-
cal research, in our case in glaucoma patients. These guide-
lines comprise the avoidance of an eye patch and, related
to that, unawareness regarding the stimulated eye, the use
of an alternative forced choice psychophysical method, and
a standardized analysis of summation. Additionally, measur-
ing a contrast sensitivity function (CSF; contrast sensitivity
as a function of spatial frequency), a comprehensive assess-
ment of spatial vision used to assess binocular summation,
is very time consuming, and this hampers its use in clinical
research. Thus a further goal of this article was to measure
contrast sensitivity in glaucoma patients using an adapted
quick CSF method,28–30 which allows for a fast estimate of
the entire CSF with a reasonable precision.

The aim of our study was to provide a more complete
picture of the influence of glaucoma on binocular visual
information processing. For this purpose, we measured, in
a group of glaucoma patients and controls, monocular and
binocular contrast sensitivity functions (CSF) to assess binoc-
ular contrast summation, eye dominance duration in rivalry,
and perceived contrast in phase combination. All partici-
pants had an intact binocular visual field (VF), a normal
visual acuity in both eyes, and stereoscopy. In addition, all
glaucoma patients had nonoverlapping VF defects in the
area of the VF relevant to the dichoptic experiments.

METHODS

The ethics board of the University Medical Center Gronin-
gen approved the study protocol (NL70288.042.19). All
participants provided written informed consent. The study
followed the tenets of the Declaration of Helsinki.

Participants

We recruited 10 glaucoma patients and 12 age-similar
healthy subjects between 50 and 80 years old. Glaucoma
patients were selected from the ophthalmic outpatient
department of the University Medical Center Groningen,
using the visual field database of the Groningen Longitudinal
Glaucoma Study.31 In the Groningen Longitudinal Glaucoma
Study, to be included as a glaucoma patient, reproducible VF
loss had to be present in at least one eye. The VF loss had to
be compatible with glaucoma and without any other expla-
nation. Those with pseudoexfoliative or pigment disper-
sion glaucoma or a history of angle closure or secondary
glaucoma were excluded, leaving primary open-angle glau-
coma cases. Intraocular pressure (IOP) was not part of our
glaucoma definition. The VF loss had to be measured with
standard automated perimetry; in our study we used the
Humphrey field analyzer (HFA; Carl Zeiss Meditec, Dublin,
CA, USA) with 30-2 grid and SITA fast strategy. The mean
deviation (MD) had to be between −3 and −18 dB (thus
allowing for early, moderate, and severe glaucoma cases),
and the foveal sensitivity had to be ≥30 dB (normal or near-
normal performance—sufficient to fixate reliably). Patients
had to have nonoverlapping visual field (VF) defects in at
least two of the four central test locations of the 30-2 grid
(with coordinates [±3, ±3] deg eccentricity). This is essen-
tially the area where we conducted our dichoptic experi-
ments (see below). A nonoverlapping VF defect was defined
as a sensitivity with P < 0.5% (sensitivity below the 0.5th
percentile of the built-in normative database) in the total

deviation probability plot in one eye combined with P > 2%
(sensitivity above the 2nd percentile of the built-in norma-
tive database) the corresponding test location in the other
eye. No requirements were formulated regarding the more
peripherally located test locations.

Healthy subjects were recruited by advertisement and
were included only if they had no positive family history of
glaucoma, or glaucoma themselves or any other eye disease,
other than refractive error, as assessed by a questionnaire.
Healthy subjects underwent a screening examination, in
which they were required to have an IOP below 21 mm Hg,
normal mean peripapillary retinal nerve fiber layer thickness
and a normal thickness of the retinal ganglion cell layer in
the macular area, as assessed by optical coherence tomogra-
phy (Canon HS-100 OCT, software version 4.1.0; Canon, Inc.,
Tokyo, Japan). Visual fields were screened using frequency
doubling technology (C20-1 screening mode; Carl Zeiss,
Jena, Germany); any reproducibly abnormal test location at
P < 0.01 was considered abnormal. A normal frequency
doubling technology test result, especially in a population
with a low baseline risk of glaucoma (normal IOP, negative
family history of glaucoma, normal OCT findings), makes
the presence of glaucoma very unlikely.32

All participants had to have a best-corrected visual acuity
(BCVA) of 0.1 logMAR or better in both eyes and normal
stereoscopy (using the four-circle targets of the Fly Stereo
Acuity Test; Vision Assessment Corporation, IL; normal stere-
oscopy defined as 40 arc seconds or better). For the patients,
the better eye was defined as the eye with the higher (less
negative MD) value; for the healthy subjects, the better eye
was defined as the dominant eye. Ocular dominance was
determined using the Worth 4-dot test (chrome flashlight
+ pair of red-green spectacles) combined with hole-in-the-
hand test.33

Apparatus and Procedures

Stimuli were displayed on a BenQ XL2540 monitor driven
by the Psychophysics Toolbox (PTB-3)34,35 with Octave
(version 4.0.0; available in the public domain at www.gnu.
org/software/octave/) on a computer running GNU/Linux
(Ubuntu 16.04 LTS). Monitor resolution was 1920 × 1080
pixels with a refresh rate of 240 Hz and a mean background
luminance of 100 cd/m2. Luminance was measured with a
Minolta luminance meter with a built-in photometric filter
(LS-110; Minolta Camera Co. Ltd., Tokyo, Japan). Participants
viewed, in a dimly lit room, the monitor screen through a
commercially available mirror stereoscope (Geoscope Econ-
omy) supported in a homebuilt apparatus (light path divider
and chin rest), at a viewing distance of 1.45 m. Figure
1A shows the experimental setup. The setup allowed for
trial frame glasses to be used, and all experiments were
performed with optimal correction for the viewing distance.
While resting their head in the chin rest, participants could
see the monitor screen divided into two halves, presenting
an area of 10° horizontally and 12° vertically to each eye,
resulting in binocular viewing. The advantage of this setup is
that participants are not aware which eye was being tested,
and it avoids the use of an eye patch during the experi-
ments.27

Before each experiment, the participant’s eyes were care-
fully aligned. We presented a black fixation dot (5 cd/m2)
and a 6° × 6° high contrast Perlin noise frame to each
eye to help fuse the dichoptic displays. Table, chin rest,
and the stereoscope mirrors were adjusted to allow for
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FIGURE 1. (A) Schematic illustration of the experimental setup. (B) Illustration of the instructions given to the participant: Two frames were
dichoptically displayed to the left and right eye and the subject adjusted the stereoscope to fuse the two images into a single dot with four
lines. (C) Example of each visual stimulus (not to scale); from top to bottom: quick CSF test, rivalry test, and phase combination test.

fusion of the frames and the fixation dots (Fig. 1B). After
achieving stable fusion, the participants pressed the space-
bar on the computer keyboard to initiate the experimental
tests described below. The experiments were performed in
a random order, preceded by a practice run, during one visit
lasting approximately two hours, including breaks.

Adapted Quick CSF Test. We measured monocular
and binocular CSFs by using a quick CSF test originally
designed by Lesmes et al.28 and adapted (and renamed
to adapted quick CSF test) by Farahbakhsh et al.30 It
consists of a 3-parameter CSF model fitted using Quest-
PLUS (Matlab implementation of QUEST+ freely available
at: https://github.com/petejonze/QuestPlus. The essence of
this method is that the curve fitting process is part of the
actual measurement: stimuli are dynamically chosen to opti-
mize the fit of a (predefined) model. The algorithm (a) varies
dynamically properties of the stimulus (spatial frequency
and contrast), (b) fits a model (a CSF described by three
parameters) to the raw trial-by-trial data, and (c) evaluates
the estimated likelihoods of all possible parameter values
to determine the most informative stimulus to present on
the next trial. The three parameters were (1) peak contrast
sensitivity, (2) peak frequency, and (3) rate of fall-off at high
spatial frequencies, expressed as the logarithmic increase in
spatial frequency needed to halve sensitivity. Stimulus was
a 2.5° diameter oblique gabor patch with contrast ranging
from 1 to 100% and spatial frequency from 1 to 15 cpd, both
logarithmically spaced, with step sizes of 0.1 and 0.084 log,
respectively. Each trial consisted of the initial one-second
fixation dot in the center of the fusion frames followed by the
stimulus with a response window of one second. A brief tone
signaled the onset of each stimulus. The gabor was displayed

to the left, right or both eyes depending on the trial being
tested (Fig. 1C, upper panel). Subjects were asked to indicate
the orientation of the grating (right or left tilt) by pressing a
key on the keyboard. Right eye, left eye, and binocular test-
ing were performed in a random order, assigned before test-
ing, and not disclosed to the participant. In total, 450 trials
were performed (150 per CSF [left eye, right eye, binocular]).

Rivalry Test. Rivalry was assessed using two 2.5° ×
2.5° orthogonal gabor patches (±45°) of 50% contrast and 1
cpd spatial frequency. The right-tilted patch was shown to
the right eye and the left-tilted patch to the left eye (Fig. 1C,
middle panel). We used eight trials lasting 30 seconds each,
with a blank display of one second between trials to reduce
after effects from the previous trial. In each trial, subjects
viewed the stimuli while continuously holding the key corre-
sponding to the current dichoptic percept, being a grating
tilted either 45° to the right or to the left. If no clear orien-
tation could be observed, no key was held, and this was
counted as mixed percept.

Phase Combination Test. To quantify the relative
contribution of each eye to the binocularly fused percept
(ocular dominance), we adopted a binocular phase combi-
nation paradigm.21,22,36 The Stimulus consisted of two hori-
zontal gratings of 1 cpd, each subtending 2.5° × 2.5°, with
equal and opposite phase-shifts of 1/16 of a cycle (22.5°)
relative to a reference line, resulting in a 45° phase difference
between the gratings (Fig. 1C, lower panel). The contrast
of the stimulus presented to the worse eye was fixed at
50%, whereas the contrast of the stimulus in the fellow eye
varied with a contrast ratio (better/worse eye) of 0.01, 0.2,
0.5, 0.8, 1.1, 1.4, 1.7, or 2.0. To avoid any potential bias,
the experiments were also performed with swapped phase
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shifts. This resulted in 16 conditions (8 interocular contrast
ratios × 2 phase combinations), and each condition was
tested five times, yielding 80 trials. During a trial, the grat-
ings were presented simultaneously and continuously until
the subject’s decision was made; the subject had to report
the perceived phase by reporting, using the keyboard keys,
whether the central dark band appeared above or below the
reference line. Each trial was followed by a one-second blank
display.

Data Analysis

The subject characteristics were described with mean and
standard deviation (SD) for normally distributed variables;
for skewed distributions we used median and interquartile
range (IQR; range from 25th to 75th percentile). Groups
were compared using a Student t-test or Mann Whitney U
test (Wilcoxon Rank Sum test); proportions were compared
using a χ2 test.

For characterizing the VFs of the glaucoma patients,
we estimated the patient’s binocular visual field from their
monocular Humphrey field analyzer measurements (the
most recent test available from clinical care) using the inte-
grated visual field (IVF) method.37,38 In short, IVF was calcu-
lated by using the monocular total deviation values. For
each test location, the total deviation value of the IVF was
defined as the higher value of the corresponding two monoc-
ular values. The mean visual field defect was defined as the
unweighted mean of the total deviation values of all test
locations within the 30-2 grid. To characterize the depth of
our nonoverlapping visual field defects in the four central
test locations, we calculated, for each of the four central test
locations, the absolute difference between the correspond-
ing sensitivities of both eyes and averaged the resulting four
absolute differences.

For binocular summation, we determined the area under
the log contrast sensitivity function (AULCSF) above log CS
= 0, in the spatial frequency range between 1.5 and 18 cpd.29

Binocular summation was then calculated by considering the
ratio of the binocular AULCSF to that of the average of both
monocular AULCSFs.27

For quantifying rivalry, we calculated, for the eight trials
together, the percentage of time during which one of the
buttons was pressed, indicating dominance, and none of the
buttons was pressed, considered mixed percept. Dominance
was further classified as belonging to either the better or
worse eye, depending on the button pressed. We compared,
between the two groups, (1) the percentage of time of mixed
percept, (2) the absolute difference of the percentage of time
of dominance between the two eyes, and (3) the number of
complete switches (from left to right eye or vice versa) per
minute (rivalry rate).

For quantifying phase combination, we calculate the
contrast ratio at balance point for each group.22 This variable
shows how much contrast has to differ between eyes to the
point at which both eyes are equally balanced (eyes make
equal contributions to binocular combination). A value of 1
indicates perfect balance between the two eyes. To deter-
mine the contrast ratio at balance point for a subject, we
fitted the number of trials in which the subject reported the
better eye dominated as a function of the interocular contrast
ratio, using a cumulative normal distribution function and
the nonlinear least squares method from the statistical tool-
box of MATLAB (version R2018a; Mathworks, Natick, MA,
USA). From this, the contrast ratio corresponding to 50%

probability of being seen with the better eye (contrast ratio
at the balance point) was derived.

All other analyses were performed using R (version 3.0.2;
R Foundation for Statistical Computing, Vienna, Austria).
P ≤ 0.05 was considered statistically significant.

RESULTS

Table 1 shows the demographic and clinical characteristics
of the glaucoma patients and controls. Groups were similar
with regard to age and sex, visual acuity, and stereo acuity.
The average MD in glaucoma patients was −5.2, −9.3, and
−2.7 dB in the better eye, worse eye, and IVF, respectively.
The median (IQR) absolute difference in sensitivity averaged
over the four central test locations was 4.1 (2.9 to 7.2) dB.

Monocular and Binocular CSFs

For each participant, the full set of CSFs (monocular
left eye, monocular right eye, binocular) was successfully
concluded in only 15 min using the quick CSF test, includ-
ing breaks between trials. Figure 2 shows the compar-
isons for both groups, for the mean monocular and binoc-
ular CSF parameters obtained, which included the AULCSF,
peak contrast sensitivity, peak spatial frequency, and β. For
each CSF parameter we conducted an analysis of variance
(ANOVA), each with one between-subject variable (glau-
coma or healthy) and one within-subject variable (monoc-
ular or binocular). Table 2 presents the results. As can be
seen in this table, glaucoma patients had a lower AULCSF
than the controls and the monocular condition differed from
the binocular condition regarding AULCSF and peak sensi-
tivity. These effects did not differ between glaucoma and
healthy (no significant interactions). In line with this, the
binocular contrast summation ratio did not differ between
the groups (P = 0.30). It was 1.27 ± 0.06 for the glaucoma
patients and 1.20 ± 0.02 for the healthy subjects (see Discus-
sion section). Table 3 presents the mean, standard error,
and 95% confidence interval of the four CSF parameters,
per group (glaucoma and healthy) and condition (monoc-
ular and binocular), calculated using bootstrapping (10,000
cycles; bias-corrected accelerated percentile method).

Eye Dominance in Rivalry

Figure 3 shows the results of the rivalry experiment. It
shows, for each individual subject, the percentage of time of
dominance of the better eye, dominance of the worse eye,

TABLE 1. Characteristics of the Study Population

Glaucoma Controls
(N = 10) (N = 12) P Value

Age, years 65 (7) 68 (5) 0.23
Sex, Male, N (%) 5 (50%) 5 (42%) 1.0
Stereo acuity, log arc seconds 1.9 (0.4) 1.7 (0.1) 0.11
Visual acuity, logMAR 0.02 (0.06) −0.02 (0.04) 0.13
HFA MD (dB) 30-2 grid

Better eye −5.2 (5.3) — —
Worse eye −9.3 (4.6) — —
IVF −2.7 (2.9) — —

HFA, Humphrey field analyzer.
Mean (standard deviation) unless stated otherwise.
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FIGURE 2. Boxplot with jitter of the monocular and binocular group comparisons of contrast sensitivity function (CSF) parameters, including
area under the log CSF (AULCSF; A), peak sensitivity (B; log units), peak spatial frequency (C; log cpd), and β (D; log unit of cpd [to convert
to octave, this number should be multiplied by log10/log2 = 3.32]), for glaucoma patients (blue) and controls (red).

TABLE 2. ANOVA Results (P Values) for CSF Parameters (for Details See Main Text)

Factor AULCSF Peak Contrast Sensitivity Peak Frequency β

Glaucoma 1.5 × 10−4 0.09 0.05 0.85
Eye condition (monocular/binocular) 2.3 × 10−8 1.0 × 10−6 0.68 0.10
Glaucoma × eye condition 0.79 0.79 0.55 0.30

and mixed percept. The median (IQR) percentage time of
mixed percept was 9% (7% to 16%) for the patients and 18%
(9% to 28%) for the controls. This apparent difference did
not reach statistical significance (P = 0.056). For the abso-
lute difference of the percentage of dominance time between
the eyes, this was 19% (13% to 29%) for the patients and 10%
(7% to 14%) for the controls (P = 0.075). The mean (SD;
range) rivalry rate of the glaucoma patients was 8.2 (3.5; 2–
13) switches per minute, which was significantly lower than

the rivalry rate of the controls (12.1 [3.5; 7–19] switches per
minute; P = 0.017).

As can be seen in Figure 3, in eight of 10 glaucoma
patients, the highest percentage of time corresponded to
dominance of the better eye (eye with higher MD value);
in the remaining two patients, the highest percentage corre-
sponded to dominance of the worse eye. In 11 of 12 controls,
the highest percentage of time corresponded to domi-
nance of the better eye (dominant eye); in the remaining
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TABLE 3. Bootstrapped Mean ± SE and 95% CI (Bias-Corrected Accelerated Percentile Method; 10,000 Cycles), Calculated Per Group (Glau-
coma/Controls) and Per Eye Condition (Monocularly/Binocularly), for Each of the Four CSF Parameters

Glaucoma Controls

Monocular Binocular Monocular Binocular

AULCSF 1.39 ± 0.06 1.74 ± 0.05 1.61 ± 0.03 1.93 ± 0.04
[1.25–1.49] [1.64–1.84] [1.55–1.69] [1.84–1.99]

Peak contrast sensitivity 1.41 ± 0.07 1.68 ± 0.04 1.48 ± 0.04 1.78 ± 0.04
[1.20–1.51] [1.56–1.74] [1.43–1.58] [1.71–1.87]

Peak frequency 0.53 ± 0.07 0.54 ± 0.06 0.67 ± 0.04 0.62 ± 0.04
[0.40–0.68] [0.43–0.66] [0.60–0.74] [0.50–0.69]

β 0.49 ± 0.05 0.37 ± 0.06 0.46 ± 0.02 0.43 ± 0.04
[0.39–0.59] [0.26–0.49] [0.42–0.50] [0.36–0.51]

SE, standard error; CI, confidence interval.

FIGURE 3. Percentage of time, corresponding to dominance of the better eye (orange), dominance of the worse eye (blue), and mixed
percept (red) for each individual subject. Left panel corresponds to the glaucoma patients, right panel to the controls.

single control, the highest percentage corresponded to
mixed percept.

Binocular Phase Combination

We measured the interocular contrast difference that is
needed to result in a balanced binocular combination in six
glaucoma patients and seven healthy subjects; unlike the first
two experiments, this specific test was revealed to be diffi-
cult to understand and perform for both the patients and the
controls. Figure 4 shows the contrast ratio at balance point
for each group. The median (IQR) balance point of the glau-
coma patients was 0.66 (0.52 to 0.81), to be compared to
1.03 (0.87 to 1.13) in the controls (P = 0.011). The results
suggest a balanced contribution from each eye in healthy
subjects, but not in glaucoma patients.

DISCUSSION

Glaucoma patients showed a lower AULCSF than controls,
both monocularly and binocularly; the corresponding

contrast summation ratio was not affected. In the rivalry
experiment, the percentage of time of mixed percept
and the difference of time dominance between the better
and worse eye did not differ between glaucoma patients
and controls. However, the number of complete percept
switches per unit time was significantly lower in glau-
coma patients than in controls. We uncovered significant
differences in perceptual eye dominance between glaucoma
patients and controls with the binocular phase combina-
tion experiment. This suggests that the binocular percept
is built less balanced in glaucoma patients compared to
controls.

Glaucoma has been shown to affect monocular contrast
sensitivity over a wide range of spatial frequencies (see
Bierings et al. for a recent review).39 The difference
between monocular and binocular contrast sensitivity has
been addressed extensively in healthy subjects, but is, to
our knowledge, not so well understood in glaucoma. In
healthy subjects, binocular contrast sensitivity is typically
greater than the monocular contrast sensitivity of either
eye. Campbell and Green12 reported, for contrast sensitiv-
ity on a linear scale, a binocular contrast summation ratio of
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FIGURE 4. (A) Average psychometric functions for the two groups and the corresponding individual data, showing the probability of the
better eye being stronger as a function of interocular contrast ratio. (B) Boxplot with jitter of the contrast ratio at balance point. Glaucoma
patients (blue) and controls (red).

1.4 (on average, a monocularly presented stimulus requires
a contrast 1.4 times higher than the same stimulus presented
binocularly in order to be equally detectable). After this
publication, a similar difference in monocular and binocular
contrast sensitivity has been reported several times.11,14,40–42

In a recent meta-analysis involving 65 studies, Baker et al.27

found binocular contrast summation ratios ranging from
approximately 1.4 to 2, with a weighted average of 1.5, close
to, but significantly larger than the abovementioned value of
1.4. Among others, the ratio was influenced by differences
between the eyes (imbalance) and the spatial and temporal
frequency of the stimulus. The binocular contrast summation
ratio found in our controls was 1.20. However, this value is
based on the AULCSF, that is, on the area under the CSF
on a log-log scale. Thus far, only one study used the quick
CSF method to determine the binocular contrast summation
ratio, in young healthy subjects.43 Their ratio was 1.15 (based
on binocular viewing versus the dominant eye). Following
the recommendations of Baker et al.,27 we used the mean
of both monocular viewing conditions rather than the domi-
nant eye. For the dominant eye, our ratio would have been
1.19, which is in good agreement with the results of Dorr
et al.43 If we would have used a linear scale, for example
applied to the peak CS as displayed in Fig. 1B, then the
binocular contrast summation ratio of the controls would
have been 2.02, which is at the upper limit of the range
as reported in the abovementioned meta-analysis.27 In glau-
coma, the ratios between binocular and monocular contrast
sensitivity were previously reported by El-Gohary et al.44

using contrast grating charts. They found a decreased ratio
in glaucoma at spatial frequencies of 1.5, 3, and 18 cpd.
On the contrary, Essock et al.,5 using a Pelli-Robson chart
and various temporally modulated stimuli, did not find any
significant decrease in binocular summation ratios in early
glaucoma. We were not able to find any other study that has
reported on contrast summation in glaucoma ever since. In
our study, glaucoma patients showed a binocular advantage
similar to that of controls. This seems counterintuitive, given
that they had nonoverlapping VF defects, hampering the
ability to integrate information from two eyes from overlap-
ping points in space. However, their binocular VF was intact
whereas the monocular VFs were not, suggesting that their

binocular advantage was based on integration of information
from different points in space. This explanation agrees with
previous research linking stimulus size to contrast sensitiv-
ity.45

The study of binocular rivalry provides insights into
the dynamics of the visual system, and several pathologi-
cal conditions have been shown to cause abnormal rivalry
patterns compared to healthy subjects.46–53 However, despite
its long history and clinical relevance, information regarding
rivalry processing has not been studied intensively in glau-
coma patients. Tarita-Nistor et al.25,26 studied changes in the
dominance wave propagation during binocular rivalry and
differences in the binocular rivalry rate between glaucoma
patients and age-similar controls. Our results can, to some
extent, be compared to the latest study of Tarita-Nistor et
al.,25 in which rivalry rate and the percept dominance were
measured using a static, horizontal and vertical, sine wave
grating (presented dichoptically with a double-mirror stere-
oscope). In their study, the rivalry rate was lower in glau-
coma patients compared to that of controls, which agrees
with our results. With regard to the percept dominance,
no group differences were found between glaucoma and
controls, which is also in agreement with our results. The
mixed percept was perceived slightly less, a trend also found
in our results.

The binocular phase combination experiment quantified
the contribution of each eye to the binocular percept. Our
results showed that, in healthy subjects, the average balance
point was close to one, indicating a balanced contribution
from each eye. These findings are in good agreement with
literature; a comparable mean ± SD balance point (0.91 ±
0.05) has been reported in young healthy participants, using
a similar methodology.54 We extended the previous exper-
iments to older healthy subjects and to glaucoma. To the
best of our knowledge, these extensions have not yet been
reported. In glaucoma, the contrast ratio at the balance point
was much lower compared with that of controls. This indi-
cates that, even if glaucoma patients appear to be binocu-
larly normal in terms of visual and stereo acuity, they may
have significant interocular imbalances, in which one eye
contributes much more to binocular processing than the
other.
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A few limitations of our study must be acknowledged.
Our sample size was relatively small, especially for the phase
combination experiment; although the phase combination
experiment provides a precise way for measuring the binoc-
ular eye balance, it turned out to be a difficult task for our
elderly participants. Nevertheless, the effects were strong
and appeared to be significant in our small sample. Possi-
bly, with some modifications, the experiment could be trans-
formed into an easy, effective tool for quantifying binoc-
ular eye balance in clinical practice. In a pilot preceding
the current study, a range of spatial frequencies was used,
and 1 cpd seemed optimal. At higher spatial frequencies,
even young subjects, for whom 1 cpd was easy to do, were
not always able to perform the task. Further studies should
elucidate whether lower spatial frequencies, not used in
the pilot, could be easier for the elderly, and still convey
useful information. Another limitation is that we used—
inevitably—a different better eye definition in both groups.
In the healthy subjects, this was the dominant eye; in the
glaucoma patients, we used the better MD eye. Obviously,
because of the cross-sectional study design, it was not possi-
ble to determine the dominant eye in the patients before
their disease onset. We performed, however, the tests for
uncovering the dominant eye also in the glaucoma patients.
Interestingly, the "dominant" eye according to the tests corre-
sponded for all except one patient with the better MD eye.
This could be either chance or the case that patients with-
out a clear dominance before their glaucoma onset develop a
preference for their less-affected eye. A strength of our study
is that our tests were performed with a mirror stereoscope
to avoid the use of an eye patch, because the effects of inte-
rocular brightness differences on binocular performance are
well documented.12,55–57 Likewise, we tried to cover all the
other recently suggested guidelines for measuring binocu-
larly in clinical populations.27 Finally, we assured nonover-
lapping VF defects by requiring non-overlapping VF defects
in at least two of the four central test locations of the 30-
2 grid (with coordinates [±3, ±3] deg eccentricity). These
four test locations essentially demarcate the region where
we conducted our dichoptic experiments but do not fully
characterize it (that is, the region is undersampled). For that
reason, parts of the region could have had either overlapping
defects or normal sensitivities in both eyes. Therefore, our
results presumably underestimate the binocular deficits in
patients or VF areas with purely nonoverlapping VF defects.
Future studies should use perimetric grids with a higher
spatial resolution to fully characterize the testing area, possi-
bly combined with personalized stimuli.

What is the clinical meaning of our observations? As
outlined in the Introduction section, the location of visual
field defects, especially in early and moderate glaucoma,
may differ between the eyes (nonoverlapping visual field
defects), resulting in an intact binocular visual field. In clini-
cal management, these patients are often considered to have
normal vision, and some authors advocate basing treatment
decisions on the binocular visual field. This approach may
avoid overtreatment but may also compromise visual perfor-
mance and thus quality of life if binocularity is beneficial for
the patient. Regarding binocular contrast summation, in the
normal, physiological situation, identical images offered to
the two eyes are combined, resulting in an improved contrast
sensitivity. Although this mechanism was still intact in our
patients, a further increase in asymmetry could result in inhi-
bition: the worse eye disturbs the better eye.58 This is a
common complaint of patients in more advanced disease.

Further studies should elucidate at what stage summation is
replaced by inhibition. On the other hand, binocular rivalry
occurs when conflicting information is displayed to each
eye; this requires the brain to resolve the conflicting signals,
resulting in the dominance of one image and suppression of
the other. A typical situation yielding rivalry, is the blockage
of the image of one eye by a nearby object, while looking
at an object at distance. Here, glaucoma patients might be
hindered by the lower rivalry rate we found. Importantly,
rivalry comprises much more than our foveal vision exper-
iment; target size is important59 and, especially for periph-
eral vision in glaucoma, things are complicated by, amongst
others, filling-in.60,61 This should be addressed in further
studies. Finally, binocular phase combination refers to the
situation where two slightly different monocular spatial
patterns are combined into a single percept (as opposed to
binocular contrast summation, where the monocular spatial
patterns are identical, and rivalry, where the patterns are
too different to be integrated successfully). Binocular phase
combination reflects the (im)balance between the sensory
inputs of the eyes, i.e., it provides a quantitative measure of
the magnitude of asymmetry in binocular visual processing.
Most of the healthy population has a weak eye dominance,
that is, their sensory inputs are balanced.62 In glaucoma, we
found a clear interocular imbalance. A similar imbalance
was reported in patients with amblyopia, anisometropia,
and strabismus.36,54,63 A visual function that depends on
ocular balance is global motion perception.64 Interestingly,
a reduced global motion perception has been reported in
glaucoma previously.65,66

The binocular visual phenomena rely on excitation and
inhibition mechanisms in our brain. For example, the
dynamics of the cortex during the rivalry process depends
on the balance between the levels of excitatory (glutamate)
and inhibitory (GABA) neurotransmitters across neuronal
populations that encode the percept of each eye at multi-
ple stages of the visual processing. Neural mechanisms of
eye dominance are mediated by GABAergic inhibition (I.
Betina Ip et al. bioRxiv 2020.09.10.291047; preprint avail-
able),67 and higher GABA concentrations in the visual cortex
have been related to a lower rivalry rate.68 Hence, even
though a possible neurotransmitter dysregulation in the
patient’s visual cortex cannot be detected psychophysically,
our results suggest higher GABA concentrations in glau-
coma. Interestingly, a recent pathway analysis linked GABA
to glaucoma.69 As such, our article supports the view that
neurotransmitter dysregulations might underlay the percep-
tual deficits observed in glaucoma patients.

In conclusion, binocular visual information processing
deficits can be found in glaucoma patients with intact binoc-
ular visual field, normal visual acuity, and intact stere-
oscopy. This implies that patients with non-overlapping
visual field defects cannot plainly be considered to have
normal vision. Further research should extend the stud-
ies toward the peripheral visual field and relate the find-
ings to visual complaints of patients. This could provide
better insight in mechanisms of visual information process-
ing and result in more specific tools for clinical decision
making.
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