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Purrose. To examine how binocularly asymmetric glaucomatous visual field damage
affects binocular disparity processing across the visual field.

MerHoDS. We recruited 18 patients with primary open-angle glaucoma, 16 age-matched
controls, and 13 young controls. Participants underwent standard clinical assessments
of binocular visual acuity, binocular contrast sensitivity, stereoacuity, and perimetry. We
employed a previously validated psychophysical procedure to measure how sensitivity
to binocular disparity varied across spatial frequencies and visual field sectors (i.e., with
full-field stimuli spanning the central 21° of the visual field and with stimuli restricted
to annular regions spanning 0°-3°, 3°-9°, or 9°-21°). We employed measurements with
annular stimuli to model different possible scenarios regarding how disparity information
is combined across visual field sectors. We adjudicated between potential mechanisms
by comparing model predictions to the patterns observed with full-field stimuli.

Resurrs. Perimetry confirmed that patients with glaucoma exhibited binocularly asymmet-
ric visual field damage (P < 0.001). Across participant groups, foveal regions preferen-
tially processed disparities at finer spatial scales, whereas periphery regions were tuned
for coarser scales (P < 0.001). Disparity sensitivity also decreased from fovea to periph-
ery (P < 0.001) and across participant groups (Ps < 0.01). Finally, similar to controls,
patients with glaucoma exhibited near-optimal disparity integration, specifically at low
spatial frequencies (P < 0.001).

Concrusions. Contrary to the conventional view that glaucoma spares central vision, we
find that glaucomatous damage causes a widespread loss of disparity sensitivity across
both foveal and peripheral regions. Despite these losses, cortical integration mechanisms
appear to be well preserved, suggesting that patients with glaucoma make the best possi-
ble use of their remaining binocular function.

Keywords: glaucoma, binocular disparity, disparity integration mechanisms, visual field
loss, binocular function, aging, spatial frequency

laucoma is a leading cause of irreversible blindness

worldwide, characterized by progressive loss of reti-
nal ganglion cells and resultant visual field defects.! The
loss and/or dysfunction of retinal ganglion cells often leads
to a detrimental effect on various visual functions rang-
ing from simple light detection to complex everyday tasks
such as object/face recognition, visual search, reading, and
mobility,>~!* thereby affecting quality of life. Primary open-
angle glaucoma, the most common type of glaucoma, is
putatively associated with peripheral vision loss. However,
there is accumulating evidence that even early glaucoma-
tous injury may involve the macula and that such macular
damage may be more common than generally thought.!4-2!
For example, a number of anatomic studies!® 202226 ysing
spectral-domain optical coherence tomography have shown
that the thickness of the retinal nerve fiber layer and the
retinal ganglion cell plus inner plexiform layer, even in
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the macula, is significantly thinner in patients with early
glaucoma than in healthy controls. Furthermore, glauco-
matous visual field loss often occurs asymmetrically not
only between two eyes®” but also across the visual field.?®
This inhomogeneous nature of glaucomatous visual field
deficits is assumed to result in the deterioration of binocular
function,? which in turn impacts the performance of vari-
ous everyday visual tasks, such as reading, object recogni-
tion, and visuomotor coordination.?°-3? Indeed, studies have
shown that, even in early or moderate stages, stereopsis,
convergence, and binocular fusion are significantly impaired
in people with glaucoma compared to glaucoma suspects or
normal cohorts 3373

Human observers extract depth information from binoc-
ular disparity (i.e., the differences between retinal images
of the two eyes, resulting from the lateral separation of
the two eyes). Neurons sensitive to binocular disparities are
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Ficure 1. Assessing spatial frequency dependent disparity sensitivity across the visual field. (A) Participants seated in front of a stereo
monitor viewed dichoptic stimuli through stereo shutter glasses. (B) Stimuli were sinusoidal disparity corrugations embedded in pink noise.
Cross-fuse the example stimulus pair to view the embedded 3D stimulus. (C) On each trial, a stimulus was shown for 250 ms, and participants
were asked to report whether the disparity corrugation was top-tilted leftward or rightward. (D) Stimuli spanned six spatial frequencies and
four visual field conditions.

found in various cortical visual areas,® and the percep- metrically in the two eyes, it remains unclear how glauco-
tion of disparity-defined depth is a hallmark of binocu- matous damage affects disparity sensitivity across the visual
lar visual function. Previous studies in young and healthy field. Moreover, to recover the depth structure of the environ-
normal vision have shown that disparity is processed at ment, the healthy visual system selects and combines depth
different spatial scales in different regions of the visual information processed throughout the visual field in near-

field’”38: the fovea preferentially processes disparities at optimal fashion (i.e., by accounting for the relative reliabil-
fine spatial scales, whereas the visual periphery is tuned ity of the disparity signals coming from different visual field
for coarse spatial scales. Since glaucomatous damage may sectors).’” However, the question arises as to whether dispar-
affect both foveal and peripheral visual field regions asym- ity information would be combined in such a near-optimal
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manner as shown in normal healthy vision even if disparity
signals are asymmetric across the visual field, as expected
in glaucomatous vision. In particular, widespread changes
in the brain have been shown as a secondary consequence
of retinal ganglion cell loss from glaucoma largely due to
direct and transsynaptic anterograde degeneration, where
ganglion cell damage spreads injury to downstream visual
pathways due to loss of presynaptic inputs.3*~4! Therefore,
it remains to be seen how glaucomatous damage may affect
the visual system’s ability to combine depth information
throughout the visual field. The objectives of the current
study were thus twofold: (1) to elucidate whether disparity
sensitivity is visual field dependent in glaucomatous vision
and (2) to identify the mechanisms underlying disparity inte-
gration across the visual field.

To address the first goal, we measured disparity sensi-
tivity across the visual field of patients with glaucoma and
healthy controls using annular pink noise stimuli embed-
ded with disparity corrugations of different spatial scales
(i.e., spatial frequencies) and spanning rings of differ-
ent retinal eccentricities (Fig. 1; a paradigm validated in
previous work?’). Disparity-defined depth corrugations (i.e.,
sinusoidal disparity gratings) were adopted in the current
study as visual sensitivity to disparity corrugations has
been shown to be bandpass and eccentricity dependent
by nature.?® Furthermore, disparity corrugations are known
to be detected and processed by binocular neurons in the
primary visual cortex (V1) and higher visual areas (e.g.,
middle temporal area MT*2) that reconstruct the structure of
three-dimensional (3D) surfaces.?® These stimuli thus allow
us to study the cortical mechanism underlying disparity
integration as well as the global processing of binocular
disparities as a function of disparity spatial frequency and
eccentricity. In control participants, we expect the tuning
of disparity sensitivity to shift from fine to coarse spatial
scales as eccentricity increases from the fovea to periphery,
as shown in prior studies.?’3® On the other hand, we envi-
sion two different potential scenarios from glaucomatous
vision: if glaucomatous damage is predominantly periph-
eral, we expect impaired disparity sensitivity in peripheral
locations and low spatial frequencies; if instead glaucoma-
tous damage involves both foveal and peripheral vision, we
expect a uniform loss in disparity sensitivity across visual
field locations and spatial frequencies.

To address the second goal, we employed the same data
to adjudicate between different potential disparity integra-
tion mechanisms. To this end, the disparity sensitivity of
each annular condition—representing the sensitivity of each
visual field sector—was pitted against that of the full-field
condition representing the integrated disparity across the
visual field. Specifically, if the visual system is able to appro-
priately estimate and employ the reliability of binocular
disparity signals at different visual field locations, then sensi-
tivity for full-field stimuli should be equal to or better than
sensitivity for stimuli spanning smaller areas of the visual
field. If instead cortical integration mechanisms fails, we
expect performance in the full-field condition to be worse
than in the annular conditions. Depending on the extent to
which cortical integration mechanisms are altered following
glaucomatous damage, different scenarios can thus be spec-
ulated and compared*44 as follows:

1. Random selection: glaucomatous damage may
impair cortical integration mechanisms to the point
that the system samples disparity information from
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different visual field locations at random. In this worst-
case scenario, disparity sensitivity to full-field stimuli
would be much worse than the best sensitivity across
visual field locations.

2. Suboptimal integration: glaucomatous damage may
impair reliability estimates but not cortical integra-
tion mechanisms. Without being able to distinguish
between visual field locations, disparity signals from
all visual field locations would be averaged with equal
weight. In this scenario, disparity sensitivity to full-
field stimuli would be better than in the random selec-
tion case but would still be worse than the best sensi-
tivity across visual field locations.

3. Optimal selection: the visual system may be able
to estimate the ordinal reliability of disparity signals
from different portions of the visual field, meaning
which visual field locations contain the most reliable
disparity information. If such ordinal information is
available, the system could select disparity informa-
tion from the most reliable visual field regions and
discard the rest. In this scenario, disparity sensitivity
for full-field stimuli would be equal to the best sensi-
tivity across visual field locations.

4. (Near-)optimal integration: the visual system may be
able to quantitatively estimate the relative reliability of
disparity signals from different regions of the visual
field. Disparity information from different visual field
locations could thus be weighted by these reliability
estimates and combined. If such estimates were accu-
rate, then integration would be optimal (according
to the maximum likelihood estimation principle*>~4%),
and disparity sensitivity would reach its upper bound.
In the more likely scenario that reliability estimates
are approximate (i.e., near-optimal integration),>”->
disparity sensitivity to full-field stimuli would never-
theless be better than the best sensitivity across visual
field locations.

In sum, to evaluate the effect of glaucomatous damage
and normal aging on the spatial frequency tuning of
disparity sensitivity and on the way disparity is integrated
across the visual field, we compare outcome measurements
between patients with mild to severe glaucoma, age-matched
normal controls, and young normal controls. The results of
the current study shed light on the nature and inner work-
ings of binocular integration in those with asymmetric visual
field loss.

METHODS
Participants

We recruited a total of 47 participants for this study: 18
patients with primary open-angle glaucoma (mean age 64
=+ 6 years, 7 female), 16 age-matched normally sighted older
adults (mean age 61 * 7 years, 9 female), and 13 normally
sighted young adults (mean age 25 + 4 years, 7 female).
Study participants were recruited from either Callahan Eye
Hospital Clinics at the University of Alabama at Birmingham
(UAB) or the UAB campus. All participants had no known
cognitive or neurologic impairments, further confirmed by
the Mini Mental State Examination (score > 25 for those
aged 65 and over). Participants were fitted with proper
refractive correction for the viewing distance throughout
the study. Patients with glaucoma, whose diagnosis was
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validated through medical records, met the following inclu-
sion criteria:

(1) Glaucoma-specific changes of optic nerve or nerve
fiber layer defect: the presence of the glaucoma-
tous optic nerve was defined by masked review of
optic nerve head photos by glaucoma specialists using
previously published criteria.>!

(i) Glaucoma-specific visual field defect: a value of the
Glaucoma Hemifield Test from the Humphrey Field
Analyzer (HFA) outside normal limits.

(iii) No history of other ocular or neurologic disease or
surgery that caused visual field loss.

All experimental protocols followed the tenets of the sixth
revision of the Declaration of Helsinki (2008) and were
approved by the Internal Review Board at UAB. We obtained
written informed consent from all participants prior to the
experiment, after having explained to them the nature of the
study.

Clinical Assessments of Binocular Visual Function

We assessed binocular visual function in patients and
controls through standard clinical measures of binocular
visual acuity (Early Treatment Diabetic Retinopathy Study
charts), binocular contrast sensitivity (Pelli-Robson charts),
and stereoacuity (Titmus Fly SO-001 StereoTest). We report
visual acuity in logMAR, contrast sensitivity in log units
(logCS), and stereoacuity in seconds of arc (arcsec). We
further assessed visual field sensitivities in both eyes (24-
2 test with a Humphrey Field Analyzer; Carl Zeiss Meditec,
Inc., Jena, Germany) and recorded the mean deviation value
obtained from the HFA 24-2 test, which is commonly used
for evaluating the severity of glaucoma. The Table reports
the characteristics of study participants. According to the
Hodapp-Anderson-Parish glaucoma grading system,’> most
of our patients were in early to moderate stages of glaucoma
(13 of 18).

Measuring Disparity Sensitivity

We adopted a previously published experimental
paradigm® to measure the spatial frequency tuning of
disparity sensitivity across different regions of the visual
field.

Stimuli and Apparatus. Stimuli and experimental
procedures were generated and controlled using MATLAB
(version 8.3; The MathWorks, Inc., Natick, MA, USA)
and Psychophysics Toolbox extensions (version 3)°35% in
Windows 7, running on a PC desktop computer (model: Dell
Precision Tower 5810). Stimuli were presented on a liquid
crystal display monitor (model: Asus VG278HE; refresh rate:
144 Hz; resolution: 1920 x 1080; dot pitch 0.311 mm) with
the mean luminance of the monitor at 159 cd/m?. The lumi-
nance of the display monitor was linearized using an 8-
bit lookup table in conjunction with photometric readings
from a Minolta LS-110 luminance meter (Konica Minolta,
Inc., Tokyo, Japan). Participants were seated in a dimly lit
room, 45 c¢cm in front of the monitor with their heads stabi-
lized in a chin and forehead rest, and wore active stereo-
scopic shutter-glasses (NVIDIA 3DVision, NVIDIA, Santa
Clara, California, USA) to control dichoptic stimulus presen-
tation (Fig. 1A). The crosstalk of the dichoptic system was
1% measured with a Spectrascan 6500 photometer (Photo
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Research, Chatsworth, CA, USA). Stimuli were 1/f pink noise
stereograms presented on a uniformly gray background (Fig.
1B). Stimuli were presented as disks or rings with 1° cosi-
nusoidal edges and contained oblique (+45° from verti-
cal) sinusoidal disparity corrugations of varying amplitude
and spatial frequency (generated as in Maiello et al.’” and
Reynaud et al.”’; see also Georgeson et al>®). The central
fixation target was a 0.25° black disk with 0.125° cosinu-
soidal edge.

Procedure. On each trial (Fig. 1C), observers were
presented with a black fixation dot on a uniformly gray
background. As soon as the response from the previous trial
had been recorded, the stimulus for the current trial was
shown for 250 ms. This was too brief a presentation time
for participants to benefit from changes in fixation, since
stimulus-driven saccade latencies are typically greater than
200 ms,”” saccade durations range from 20 to 200 ms,*® and
visual sensitivity is reduced during and after a saccade.”
Once a stimulus had been extinguished, participants were
asked to indicate, via button press, whether the disparity
corrugation was top-tilted leftward or rightward. Participants
were given unlimited time to respond, and the following trial
commenced as soon as a response was provided. On each
trial, we modulated the amount of peak-to-trough disparity
under the control of a three-down, one-up staircase®! that
adjusted the disparity magnitude to a level that produced
79% correct responses.

Design. We measured how each participant’s disparity
sensitivity (1/disparity threshold) varied, as a function of
the spatial frequency of the sinusoidal disparity corrugation,
throughout different portions of the visual field. Specifically,
we measured disparity thresholds at six spatial frequen-
cies (0.088, 0.18, 0.35, 0.71, 1.41, and 2.8 cycles/degree)
and across four visual field conditions (Fig. 1D). In the
full visual field condition, stimuli were presented within
a disk with a 21° radius centered at fixation. In the far
and near peripheral visual field conditions, stimuli were
presented within rings spanning 9° to 21° and 3° to 9°
into the visual periphery, respectively. Finally, in a foveal
condition, stimuli were presented within a disk with a 3°
radius. We measured disparity thresholds for each combi-
nation of spatial frequency and visual field condition via
24 randomly interleaved staircases.®’ We combined the raw
data from 50 trials from each staircase and fitted these
data to a cumulative normal function via weighted least
squares regression (in which the data are weighted by their
binomial standard deviation). We then computed dispar-
ity discrimination thresholds from the 75% correct point
of the fitted psychometric functions. We converted thresh-
olds into disparity sensitivity following the relationship:
sensitivity = 1/threshold.

Spatial Frequency Tuning Across The Visual
Field. Disparity sensitivity is known to vary lawfully as
a function of spatial frequency following an inverted-U
shape®% that is well captured by a three-parameter log-
parabola disparity sensitivity function (DSF) model defined
as follows?”%:

lOg (f) - loglo(fmax) 2

DSF(f) =10g,,(Vmax) — 10 (2)< 1
S 810V E10 log,,(28)/2

In this equation, y,.. represents the peak gain (.e.,
peak sensitivity), f... is the peak frequency (i.e., the spatial
frequency at which the peak gain occurs), and 8 is the
bandwidth at half-height (in octaves) of the function. We
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TaBLe. Characteristics of Study Participants

Binocular Visual Binocular Contrast Stereoacuity HFA 24-2 Mean Deviation (dB)
Diagnosis Age,y Sex Acuity (logMAR) Sensitivity (1ogCS) (arcsec) oD oS
POAG 62 F 0.02 1.5 80 —15.58 —6.51
POAG 63 M 0.02 1.65 40 —0.61 —2.39
POAG 68 F —0.08 NA 40 —-0.28 0.81
POAG 74 F 0.04 1.65 40 -1.91 —15
POAG 62 M 0.12 1.65 100 -9.55 —10.63
POAG 67 M —0.1 1.95 40 1.54 0.58
POAG 56 M —0.02 1.5 50 —-20.91 —27.88
POAG 73 M —0.1 1.35 400 —23.65 —23.9
POAG 65 M 0.02 1.65 50 —2.38 —15.66
POAG 64 M 0 1.95 40 -0.71 -1.71
POAG 73 M 0.06 1.65 50 —5.94 —6.94
POAG 59 F 0.04 1.65 50 —1.06 -1.75
POAG 60 F —-0.12 1.9 40 1.16 -0.55
POAG 62 M -0.1 1.9 40 —2.42 —4.64
POAG 68 M 0.04 1.7 100 0 —7.63
POAG 59 F 0.04 2.1 40 -0.3 1.01
POAG 55 F —0.06 1.75 40 —4.25 =7.7
POAG 60 M 0.04 1.7 100 —1.02 —6.57
AMC 51 M —-0.2 2.1 40 1.6 0.99
AMC 55 M -0.18 1.95 40 1.98 1.99
AMC 65 M —0.12 1.95 40 0.74 -0.87
AMC 63 M —0.08 1.95 50 0 —0.24
AMC 61 M —-0.2 2.1 40 —1.58 1.35
AMC 65 M —0.04 1.95 100 —0.08 -0.73
AMC 63 F —0.02 1.95 40 —-1.11 0.01
AMC 67 F 0.02 1.95 40 -1.3 -1.75
AMC 70 F —0.02 1.95 60 -0.39 —2.41
AMC 56 F —-0.08 1.9 60 3.12 2.05
AMC 62 F —0.14 1.95 40 2.6 1.07
AMC 50 F —0.02 1.95 40 -0.93 0.59
AMC 69 F —0.06 1.95 40 -0.13 1.59
AMC 51 F —-0.2 2.1 40 0.31 1.83
AMC 65 M 0.02 1.8 50 —-1.14 0.9
AMC 57 F -0.18 1.95 40 2.15 1.06
YC 27 M —0.18 1.9 40 —-0.81 —0.85
YC 25 F —0.22 2.1 40 1.02 1.2
YC 31 F —0.12 2.15 40 NA NA
YC 23 F -0.18 2 40 0.19 —-1.25
YC 26 M —0.24 2.25 40 0.87 1.16
YC 24 F —-0.2 2.25 40 NA NA
YC 34 M -0.18 1.95 40 1.06 0.4
YC 26 M —0.06 1.95 40 0.35 -0.17
YC 25 F —-0.2 2.1 50 NA NA
YC 22 F —-0.12 1.95 40 1.01 —1.58
YC 20 M —0.016 1.95 40 —2.12 —-1.89
YC 20 F —-0.2 1.8 40 -0.25 -0.9
YC 21 M —0.02 1.95 40 -0.53 —1.62

AMC, age-matched control; logCS, contrast sensitivity in log units; NA, not available; OD, right eye; OS, left eye; POAG, primary open-angle
glaucoma; YC, young control.
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thus fit the disparity sensitivity data to this equation sepa- 1. Random selection, in which disparity informa-
rately for each visual field condition, obtaining parameter tion is sampled from different visual field loca-
estimates that we then compared across visual field condi- tions at random. To model this worst-case scenario,
tions and participant groups. In the full-field condition, we disparity thresholds to full-field stimuli were esti-
further computed the area under the log DSF (AULDSF) mated from the restricted visual field conditions
as an additional estimate of binocular function across as
participants.

Disparity Integration Models. Following estab-
lished theories and formulations of sensory cue integra- 2 2 2
ion, %3 i i v s + T + 197
tion,” we defined four possible models of disparity inte- Trr—Rand :\/ 3

gration across the visual field:
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2. Suboptimal integration, in which disparity informa-
tion is averaged from all visual field locations with
equal weight. To model this scenario, disparity thresh-
olds to full-field stimuli were estimated as

2 2 2 3
(T075+T?>—9+T9721 )
3

2 a2 o 2

T2 +T2 o +12

03115 01575y
3 x( 3

T)’F—Subopz =

3. Optimal selection, in which disparity information is
sampled only from the most reliable region of the
visual field. To model this scenario, disparity thresh-
olds to full-field stimuli were estimated as

Trr—optset = min (76—3, T, T9—21)

4. Optimal integration, in which disparity signals from
different visual field locations are averaged, weighted
by their relative reliability. To model this scenario,
which represents the theoretical upper bound of
performance, disparity thresholds to full-field stimuli
were estimated as

2 2 2
Tor—omm = Ty 3T 0Ty 5,
—Optint — 2 2 2 2 2 2
I 3T + 15 51575, + 130157 5,

Statistical Analyses

Sample Size Selection. Comparisons of binocular
visual function between patients with glaucoma and controls
typically yield very large effect sizes (e.g., Bassi and Gala-
nis®*; Cohen’s d > 2). Effect sizes for within-participant
effects of interest are similarly large (e.g., Maiello et al.’’;
Cohen’s d > 1). Given that we were interested in detect-
ing substantial effects of potential clinical significance, we
exceeded a minimum sample size of N = 10 per participant
group. This ensured we would surpass 80% power at the 0.05
significance level for detecting effect sizes of d = 1 for both
between- and within-group comparisons. We report effect
sizes for all comparisons performed in the study in terms of
either Cohen’s d or n?, as appropriate.

Between-Group Comparisons of Binocular
Visual Function. We expected binocular visual function
to be worse in old compared to young adults and in patients
with glaucoma compared to both young and old healthy
controls. We tested for these expected differences using
one-tailed t-tests (for normally distributed data) or Wilcoxon
rank-sum tests (for skewed data).

Comparison of Spatial Frequency Tuning Across
Participant Groups and Visual Field Conditions. To
test whether disparity tuning to spatial frequency varied
across the participants’ visual field and across participant
groups, we analyzed DSF parameter estimates from the
restricted visual field conditions using a 3 (participant
group, between-subjects factor) x 3 (visual field condition,
within-subject factor) mixed-model ANOVA. ANOVA normal-
ity assumptions were verified via quantile-quantile plots.
When appropriate, we conducted post hoc comparisons via
two-tailed f-tests.

Model Selection. To adjudicate which candidate
disparity integration model best accounted for the full-field
data at each spatial frequency and in each participant group,
we employed a simple model selection rule. Specifically,
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we selected as the best-fitting model the one that mini-
mized the root mean square error to the full-field data. If
the optimal integration model won, we further confirmed
whether full-field sensitivities significantly differed from the
optimal selection model, using one-tailed #-tests. This was
necessary to validate that full-field sensitivity truly reflected
near-optimal integration. We excluded from these analy-
ses participants whose median disparity thresholds across
spatial frequency and visual field conditions were greater
than 10 minutes of arc. Above this threshold, participants are
either stereo blind or not reliably performing the task,>” and
we reasoned that it would be uninformative to assess dispar-
ity integration in these participants. Based on this criterion,
we thus excluded four patients with glaucoma, one age-
matched control participant, and one young control partici-
pant.

RESULTS

Glaucoma and Normal Aging Exhibit Expected
Patterns of Binocular Visual Impairment

We evaluated binocular visual function in patients and
controls using standard clinical assessment tools as
described in the Methods. As expected, binocular visual
acuity (Fig. 2A) was worse in old compared to young partic-
ipants (#(27) = 1.9, P = 0.035; d = .7) and in patients with
glaucoma compared to both young (#(29) = 5.4, P < 0.001;
d = 2) and age-matched (#(32) = 3.3, P = 0.0011; d = 1.1)
control participants. Binocular contrast sensitivity (Fig. 2B)
was not significantly different between old and young
control participants (#(27) = 1.4, P = 0.082; d = .53) but was
significantly impaired in patients with glaucoma compared
to both young (#(28) = 4.9, P < 0.001; d = 1.8) and age-
matched controls (#(31) = 4.8, P < 0.001; d = 1.7). Stereoacu-
ity (Fig. 2C) was significantly worse in patients with glau-
coma compared to young (z = 2.5, P = 0.0064; d = 0.52) but
not age-matched controls (z = —1.2, P = 0.12; d = .43), and
the difference between old and young control participants
did not reach statistical significance (z = —1.6, P = 0.057; d
= .57). Finally, we visualized the mean deviation values from
the HFA 24-2 test in participants’ better versus worse eyes
(Fig. 2D). The difference in HFA 24-2 mean deviation across
the two eyes was much greater in patients with glaucoma
compared to both young (#(26) = 3.5, P < 0.001; d = 1.4) and
age-matched controls (#(32) = —2.7, P = 0.0050; d = .94),
whereas young and old control participants exhibited similar
interocular differences in HFA 24-2 mean deviation (#(24) =
0.56, P = 0.29; d = .23). Together, these results clearly indi-
cate that patients with glaucoma exhibited substantial binoc-
ular visual impairment that was due specifically to asymmet-
ric patterns of visual field loss across the two eyes.

Glaucoma Exhibits Uniform Loss in Disparity
Sensitivity Across Spatial Frequencies and Visual
Field Locations

Having verified that our patient cohort exhibited inte-
rocularly asymmetric glaucomatous visual field loss, we
proceeded to test how this impacted disparity processing.
When tested with full-field stimuli extending from the fovea
to 21° into the visual periphery (Fig. 3A), patients with
glaucoma exhibited a uniform loss of disparity sensitivity
across spatial frequencies compared to control participants,
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suggesting glaucomatous damage is implicated in both the
central and peripheral visual field. Indeed, the AULDSF fitted
to the full-field condition (Fig. 3E) was significantly reduced
in patients with glaucoma compared to both young (#(29) =
2.2, P = 0.018; d = .8) and age-matched (#(32) = 1.7, P =
0.048; d = .59) controls, whereas sensitivity did not signif-
icantly differ between young and old control groups (#(27)
= 0.81, P = 0.21; d = .3). Further, when tested with stimuli
spanning restricted portions of the visual field (Figs. 3B-D),
patients with glaucoma exhibited a uniform loss of disparity
sensitivity also across the visual field. In all three partici-
pant groups, the spatial frequency tuning of disparity sensi-
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tivity varied similarly across different regions of the visual
field. As expected, disparity sensitivity in the far periphery
(diamond markers) was tuned to depth variations at low
spatial frequencies, disparity sensitivity in the near periph-
ery (square markers) was tuned to mid spatial frequen-
cies, and disparity sensitivity at the fovea (circle markers)
was tuned to high spatial frequencies. Figures 3F-H further
summarize these shifts across participant groups. Specifi-
cally, the peak frequency of the disparity sensitivity curves
(Fig. 3F) shifted from high to low frequencies from the fovea
to the peripheral visual field (visual field main effect: F, gg
= 260, P < .001; n* = .64). ANOVA results further revealed a
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main effect of participant group (F; 44 = 3.5, P = 0.039; > =
.033) but no interaction between visual field and participant
group factors (Fy g3 = 1.2, P = 0.31; n*> = .006). Post hoc
tests revealed a uniform shift toward higher spatial frequen-
cies in patients with glaucoma compared to young (#(29)
= 2.6, P = 0.014; d = .95) but not age-matched controls
(#(32) = .63, P = 0.53; d = .22) and no significant difference
between young and old participants (#(27) = 1.8, P = 0.076;
d = .69). The peak gain of the disparity sensitivity curves
(Fig. 3G) also decreased —as expected —from the fovea to
the peripheral visual field (visual field main effect: F, g5 = 28,
P < 0.001; »* = .097) and varied across participant groups
(Fy, 44 = 7.1, P = 0.0021; n* = .18), uniformly (visual field
x participant group interaction effect: F; g3 = .35, P = 0.84;
n* = .0024). Post hoc tests revealed that patients with glau-
coma had significantly reduced peak gain compared to both
young (#(29) = 3.7, P = 0.001; d = 1.3) and age-matched
controls (#(32) = 2.1, P = 0.047; d = .71), whereas the differ-
ence between old and young participants was not statisti-
cally significant (#(27) = 1.8, P = 0.082; d = .67). Finally, the
bandwidth of disparity tuning (Fig. 3H) remained constant
across visual field locations and patient groups (visual field
main effect: > g3 = .11, P = 0.9; n* = .001; participant group
main effect: F, 4 = 2.7, P = 0.081; n*> = .061; visual field x
participant group interaction effect: F; g3 = .88, P = 0.48; n*
= .017). These patterns confirmed previous reports regard-
ing the tuning of human disparity sensitivity across different
regions of the visual field.>” More important, and contrary to
the commonly held belief that early glaucomatous damage
is predominantly peripheral, these results demonstrated that
patients with glaucoma had a uniform loss of disparity sensi-
tivity across both foveal and peripheral visual sectors.

All Groups Exhibit Near-Optimal Disparity
Integration Across The Visual Field

Our results thus far determined that interocularly asymmet-
ric glaucomatous visual field loss leads to impaired disparity
sensitivity both foveally and peripherally, as well as across
spatial frequencies. Does this in turn impair the way dispar-
ity signals are integrated across the visual field? To test
this, we used the sensitivity data from the restricted visual
field conditions to generate predictions for full-field sensi-
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tivities in four possible scenarios: random selection, subop-
timal integration, optimal selection, and optimal integra-
tion, as described earlier. Across all three participant groups
(Figs. 4A—C) and across nearly all spatial frequencies, full-
field sensitivity data approached the upper bounds of possi-
ble performance and were best fit by either the optimal
selection or optimal integration models. Furthermore, full-
field sensitivities were significantly better than the opti-
mal selection model—and thus conclusively reflected near-
optimal integration—predominantly at low spatial frequen-
cies. Specifically, disparity integration was significantly near
optimal at the lowest spatial frequency tested in young
participants (Fig. 4A, 0.088 cycles/degree: #(11) = 2.6, P
= 0.013; d = .74), age-matched controls (Fig. 4B, 0.088
cycles/degree: #(14) = 3.1, P = 0.0039; d = .8), and patients
with glaucoma (Fig. 4C, 0.088 cycles/degree: #(13) = 4,
P < 0.001; d = 1.1). Performance was also significantly
near optimal at the second lowest spatial frequency tested
in both age-matched controls (Fig. 4B, 0.18 cycles/degree:
#(14) = 2.4, P = 0.015; d = .62) and patients with glau-
coma (Fig. 4C, 0.18 cycles/degree: #(13) = 6.1, P < 0.001;
d = 1.6). These results indicate that participants reliably
integrated low-spatial frequency disparity information most
clearly across far- and mid-peripheral visual field sectors.
At higher spatial frequencies instead, participants may have
relied more dominantly on foveal disparity estimates. Criti-
cally, even though patients with glaucoma exhibited signif-
icant asymmetric visual field defects and impairments in
disparity processing, cortical mechanism for disparity inte-
gration appeared to be spared.

DISCUSSION

Binocular disparity is a key component of depth perception.
In healthy humans, foveal regions preferentially process
disparities at fine spatial scales, peripheral visual regions are
tuned for coarse spatial scales, and the visual cortex selects
and combines depth information across different visual
regions by accounting for these differences in tuning.’’
Glaucoma is a neurodegenerative condition characterized
by progressive loss of retinal ganglion cells and resulting
visual field defects. Even in early stages of the disease,
glaucomatous ganglion cell damage results in patterns of
visual sensitivity loss that may vary both across the visual
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field and between the eyes.!>1?7:%4 Additionally, damage to
ganglion cells can potentially propagate to cortical regions
due to direct and transsynaptic anterograde axonal degen-
eration.?~#! For this reason, it is highly plausible that glau-
coma could lead to impairments in binocular disparity
processing across the visual field and even along the cortical
visual processing pathway. Thus, here we assessed how glau-
comatous visual field damage impacted spatial frequency-
dependent disparity sensitivity across different sectors of the
visual field.

Using a previously validated experimental paradigm,®
we assessed the spatial frequency-dependent disparity
sensitivity across the visual field and further determined the
best integration model accounting for the full-field disparity
sensitivity data of glaucomatous vision. Our results demon-
strate several fundamental aspects of glaucomatous visual
loss. First, we observed a uniform loss in disparity sensitivity
across visual field locations and spatial frequencies in glau-
coma, compared to both young and age-matched healthy
controls. This demonstrates that foveal vision and binocular
function are impacted even in early glaucoma. Second, we
found that disparity sensitivity to full-field stimuli was equal
to or better than sensitivity for stimuli spanning smaller areas
of the visual field, in glaucoma and control patients alike.
The glaucomatous visual system is thus able to access—at
least to some extent—the reliability of the signals coming
from different regions of its damaged visual field. Further,
early glaucomatous loss does not substantially impact corti-
cal selection and integration mechanisms, leading to near-
optimal processing of binocular disparity even given the
presence of binocularly asymmetric glaucomatous lesions
across the visual field.

Previous studies have reported that binocular function,
including stereopsis, is significantly impaired in glaucoma-
tous vision.?”** However, glaucomatous stereovision deficits
have been characterized almost exclusively in terms of
stereoacuity, and such deficits have been identified even in
glaucoma suspects.®> This is perhaps surprising, given how
glaucomatous damage is believed to spare the central vision
until the end stages of the disease, whereas stereoacuity
refers to fine spatial scales that should be processed at the
fovea. Our results reconcile this apparent contradiction by
demonstrating that patients with glaucoma exhibit a loss of
disparity sensitivity across spatial scales, from the fovea to
the visual periphery. Furthermore, our findings lend strength
to the view that macular damage may commonly occur even
in early stages of glaucoma.'4-2!

The observed glaucomatous deficits in stereovision
across the visual field could have affected cortical process-
ing in several ways. In the most extreme scenario, glau-
comatous neurodegeneration could have propagated from
retinal regions upward along the visual pathway,*~#! reach-
ing cortical regions responsible for selecting and combin-
ing disparity depth information across the visual field.
Alternatively, even if cortical integration mechanisms had
been spared, glaucomatous damage could have unpre-
dictably altered the reliability of disparity signals across
the visual field, rendering integration processes suboptimal.
Instead, our analyses revealed that patients with glaucoma
performed near-optimal integration of disparity information
across visual field sectors, particularly at coarse spatial scales
preferentially processed across peripheral visual regions.
This finding is far from trivial, since patients with glaucoma
are often unaware of the localization of their visual field
deficits, particularly when these are asymmetric between the
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eyes.%>% It is thus notable that the visual system can appro-
priately select disparity information from different visual
field sectors and even combine this information, weighted by
the relative reliability of the disparity signals. This suggests
not only that cortical disparity integration mechanisms are
spared but that —at least in early or moderate stages of
the disease —the system is able to adapt and make the
best possible use of the remaining binocular visual function.
Our findings are indeed consistent with previous work®’
demonstrating that the mechanism underlying the binoc-
ular summation of contrast sensitivity (i.e., a quadratic
summation rule with an exponent of 1.3) remains well
preserved even in patients with early and moderate glau-
coma. Taken together, cortical binocular integration mecha-
nisms, whether the signal is luminance contrast or disparity,
appear to be spared in glaucomatous vision despite binocu-
larly asymmetric vision loss.

While such findings hint at potential treatment opportu-
nities for preserving or restoring binocular function®?:%-72 in
early or moderate glaucoma, we acknowledge that whether
this would occur also in more advanced disease stages
needs to be addressed in future studies. Further, the stimuli
employed here are relatively simple, corrugated 3D surfaces.
In the natural world, however, disparity is inhomogeneous:
both healthy humans and patients with glaucoma experi-
ence natural and unnatural variations in disparity through-
out the visual field that they must integrate into a single,
rich naturalistic percept. Future research should thus assess
whether our current findings with controlled stimuli extend
to naturally occurring patterns of retinal disparities. In addi-
tion, it may be feasible to perform more quantitative assess-
ments?>37.73.74 of the relationship between the pattern of
glaucomatous visual field defects and the pattern of impair-
ment in disparity processing. For example, it should be
possible to map out the monocular impairments of individ-
ual patients through perimetry and then use these maps to
simulate visual field impairments in both healthy observers
and computational models of disparity processing.>’ If glau-
comatous damage is indeed limited to the retina and does
not affect cortical processing, we would expect that simu-
lated lesions should be sufficient to re-create the patterns of
disparity sensitivity loss experienced by individual patients
with glaucoma. If successful, such an approach would help
to further characterize glaucomatous injury and potentially
even tailor treatment strategies to individual patients.
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