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SIGNIFICANCE: This article summarizes the evidence for a higher prevalence of binocular vision dysfunctions in
individuals with vision impairment. Assessment for and identification of binocular vision dysfunctions can detect
individuals experiencing difficulties in activities including reading, object placement tasks, and mobility.
Comprehensive vision assessment in low vision populations is necessary to identify the extent of remaining vision
and to enable directed rehabilitation efforts. In patients with vision impairment, little attention is typically paid to
assessments of binocular vision, including ocular vergence, stereopsis, and binocular summation characteristics.
In addition, binocular measurements of threshold automated visual fields are not routinely performed in clinical
practice, leading to an incomplete understanding of individuals' binocular visual field andmay affect rehabilitation
outcomes.
First, this review summarizes the prevalence of dysfunctions in ocular vergence, stereopsis, and binocular summa-
tion characteristics across a variety of ocular pathologies causing vision impairment. Second, this review examines
the links between clinical measurements of binocular visual functions and outcomemeasures including quality of
life and performance in functional tasks. There is an increased prevalence of dysfunctions in ocular alignment, ste-
reopsis, and binocular summation across low vision cohorts compared with those with normal vision. The identifi-
cation of binocular vision dysfunctions during routine low vision assessments is especially important in patients
experiencing difficulties in activities of daily living, including but not limited to reading, object placement tasks,
and mobility. However, further research is required to determine whether addressing the identified deficits in bin-
ocular vision in low vision rehabilitative efforts directly impacts patient outcomes.
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Irreversible vision impairment significantly and negatively affects
participation in daily activities and quality of life.1–4 Low vision is de-
fined as visual acuity worse than 6/18 and visual fields less than 20°
in diameter in the better-seeing eye with best possible correction,
whereas blindness is defined as visual acuity worse than 3/60 and
visual fields less than 10° in diameter in the better-seeing eye with
best possible correction.5–7 With an aging global population and as-
sociated increased prevalence of ocular disease,8,9 by 2040, world-
wide prevalence of low vision and blindness is projected to reach
450 million and 82 million, respectively, and resultantly, there will
be an increased demand for low vision services. For individuals with
vision impairment, low vision rehabilitation can effectively improve
reading performance, visual processing and motor skills, and perfor-
mance in daily activities.10–12

In current low vision care models, rehabilitation efforts are di-
rected by an initial comprehensive visual assessment to determine
the extent of remaining visual function.13–15 Because patients with
no light perception or gross bilateral vision impairment make up
only a small proportion of the vision-impaired population,16 the
majority of low vision patients may retain some level of binocular-
ity.17,18 Nevertheless, in low vision assessments, little attention
is typically paid to assessments of binocular vision, such as exam-
ination of the vergence system, stereopsis, and effects of binocular
summation and inhibition.17,18 However, dysfunctions in binocular
vision can contribute to symptoms of difficulty with both distance
and near tasks and potentially affect success with low vision aids,
which are routinely prescribed as part of the rehabilitation pro-
cess.17,18 In addition, binocular measurements of threshold
automated visual fields are not routinely performed in clinical
practice, whereas more traditional monocular threshold perimetry
may not adequately simulate real-world binocular viewing. Binocu-
lar suprathreshold techniques, on the other hand, use stimuli that
may not detect more subtle deteriorations in the visual field; as
such, both methods potentially provide an incomplete understand-
ing of how individuals use their binocular visual field in real-world
environments and therefore may affect outcomes of training pro-
grams designed to maximize the use of residual vision.

This article reviews the prevalence of binocular visual function
anomalies in vision-impaired populations and the links between
measurements obtained in clinical binocular vision assessments
and outcome measures such as patient symptoms, quality of life,
and performance in other functional tasks. The binocular visual
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Binocular Vision in Low Vision — Tong et al.
functions covered by this topical review are ocular alignment, stere-
opsis, binocular summation and inhibition, and the binocular vi-
sual field. By identifying the prevalence and impacts of impaired
binocular vision on quality of life in vision-impaired populations,
we sought to highlight the relevance of examining binocular vision
in patients with low vision by primary eye care practitioners before
provision of low vision rehabilitation services.

LITERATURE SEARCH STRATEGY

Articles suitable for inclusion were identified using the National
Institutes of Health's PubMed database using combinations of the
following key words: “vision impairment” or “low vision,” “binocular”
or “binocular vision,” “stereopsis” or “stereo*,” “summation” or “in-
hibition,” “visual field” or “binocular visual field,” or “integrated vi-
sual field.” The search was restricted to articles available in English
only. Additional suitable articles were identified from reference lists
in articles found using the original search. A total of 54 review articles,
retrospective and prospective cohort studies, and case reports were in-
cluded in this review, broken down into the following categories: 6
discussing vergence dysfunctions, 13 discussing stereopsis, 9
discussing binocular summation and inhibition, and 26 discussing
binocular visual field assessment. Note that several studies discussed
more than one of the aforementioned topics.

ASSESSMENTS OF BINOCULAR VISUAL
PROCESSING

Examination of the Vergence System

With normal binocular vision, directing our gaze toward an ob-
ject of interest results in stimulation of corresponding retinal loca-
tions, and these images are subsequently fused to form a single
Cyclopean percept.19 In cases of dysfunctions of ocular alignment,
including heterophoria and strabismus, the effort required to main-
tain the same visual direction for each eye can lead to symptoms of
asthenopia, headaches, or blurred and double vision, which can af-
fect prolonged reading performance in particular.20,21 In individ-
uals with asymmetric vision impairment, an anomalous visual
direction may develop because of reduced retinal stimulation and
resultant poorer fixation stability in the worse-seeing eye.22,23 It
is therefore unsurprising that dysfunctions of ocular alignment
are relatively common in patients in the low vision population
(Table 1), with Rundström and Eperjesi17 reporting that 73%of pa-
tients with visual acuities of 6/60 or better in both eyes complained
of symptoms of diplopia or asthenopia. Therefore, if binocular dys-
functions are identified and considered in the rehabilitation pro-
cess, patients can experience improved comfort and performance
with low vision aids when reading.17,18

Peripheral vision loss disrupts normal peripheral fusion, which
can result in sensory deviations in ocular alignment.22,24,27 Constant
strabismus and intermittent strabismus, typically manifesting as
exotropia, are more common in patients with retinitis pigmentosa
(RP) compared with normal control subjects,22,24,25 and 65% of
RP patients demonstrate restrictions in ocular motility in at least
one direction.25 Furthermore, in RP, a larger degree of horizontal de-
viation significantly correlatedwith poorer visual acuity and a smaller
remaining island of central vision as measured with Goldmann
perimetry.22 Meanwhile, fusional amplitudes have been observed
as borderline reduced in patients with RP.24 Of note is that patients
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with RP have been reported to display poorer awareness of diplopia
compared with controls,24 so the presence of deviations in ocular
alignment does not necessarily translate to patient symptoms.

Few studies have investigated the role of central vision impair-
ment on ocular alignment. Tarita-Nistor et al.23 reported that most
patients with AMD were exophoric as measured with an eye track-
ing device and did not significantly differ from normal participants
in distribution of deviation types.23 Meanwhile, Skrbek26 observed
both esodeviations and exodeviations in patients with AMD26; how-
ever, the translatability of these findings to all patients with AMD
and low vision is affected by the very small sample size of five par-
ticipants and measurement of ocular alignment with Mess- und
Korrektionsmethodik nachHaasemethodswith polarization, which
is not typically used in standard clinical practice. Furthermore,
both studies did not stratify patients by AMD subtypes, and it is
therefore difficult to infer the true distribution of deviation types
in AMD from these studies alone. In addition, Skrbek26 found that
prismatic correction resulted in improvement in binocular visual
acuity in patients with esotropia and was anecdotally well tolerated
by patients; although further studies with a larger sample size and
using more objective measures of patient satisfaction with pris-
matic corrections are required, this study suggests that it may be
worthwhile investigating and appropriately managing dysfunctions
of binocularity in patients with central vision loss.

The usefulness of prism in managing ocular alignment dysfunc-
tions in patients with central vision loss is complicated by the applica-
tion of yoked prism in eccentric viewing, to direct images of interest
from the damaged central fovea to a relatively intact paracentral reti-
nal location or preferred retinal locus. Studies have reported that pa-
tients using eccentric viewing spectacles including yoked prisms
demonstrate better visual acuities and performance onmobility tasks,
in addition to subjective improvement in vision as self-reported by
patients.28–30 However, ocular alignment characteristics or whether
participants experienced symptoms suggestive of binocular dysfunc-
tion was not reported in these studies, and these factors may contrib-
ute to the discontinuation of eccentric viewing spectacles in 60% of
patients after an average of 4.5 years.31 In circumstances where pris-
matic correction is considered to aid eccentric viewing and manage
binocular vision anomalies, the appropriate prismatic prescription
would need to account for both ocular alignment and preferred retinal
locus characteristics.

Although these studies collectively demonstrate that vergence
dysfunction is present in numerous ocular pathologies causing vi-
sion impairment, there are several limitations affecting the applica-
bility of these findings to clinical practice. First, trends between
extent of visual asymmetry and presence of anomalies in ocular
alignment have not been explored by these studies, and although
some have hinted that examination of the vergence system is not
feasible in patients with very poor vision,17,26 there is no indication
as to the visual acuity threshold or extent of visual asymmetry at
which attempting a binocular vision examination is no longer feasi-
ble. Furthermore, of the few studies investigating both presence of
deviations in ocular alignment and patient symptoms, trends could
not be quantified because of small sample size26 or could not be
explored entirely.17 Given that patients may be asymptomatic be-
cause of sensory suppression,24 this calls into question whether ex-
amining the vergence system in detail will translate to meaningful
outcomes for the patient. In addition, although assessment of the
vergence system in symptomatic patients may aid choice of appro-
priate low vision aids, no studies directly examined the impact of
ocular motility dysfunctions management on the success of vision
1; Vol 98(4) 311



TABLE 1. Summaries of nonreview articles investigating prevalence of vergence dysfunctions in low vision populations

Study Study design Cohort Tests used Outcomes

Rundström
and
Eperjesi
(1995)17

Cross-sectional
study

n = 30
n = 23 with AMD and
n = 7 with other ocular
pathologies (including
glaucoma and lens
opacity)

Cover test with prism n = 22 (73%) with symptoms consistent with binocular vision
anomalies
Most common symptoms: horizontal diplopia, jumbling of
print, and asthenopia
At least n = 22 (73%) with vergence anomalies
Most common: exophoria and convergence insufficiency
Trend between presence of symptoms and vergence
anomalies not reported

Goldstein
and
Clahane
(1966)24

Retrospective
case-control
study

n = 14 with RP and
n = 23 normals

Cover test with prism,
prism fusional
amplitudes

Greater prevalence of intermittent or constant strabismus in RP
participants (n = 9 [64%] vs. n = 3 [13%]) and larger deviation
in RP at distance (3.60 vs. 0.96Δ) and near (16.90 vs.
9.22Δ)
Borderline difference in fusional amplitudes between RP and
normals (distance divergence, 3.29 vs. 4.61Δ; distance
convergence, 9.07 vs. 14.13Δ; near divergence, 10.21 vs.
13.43Δ; near convergence, 21.39 vs. 21.39Δ)
Poorer awareness of induced diplopia in RP

Miyata et al.
(2018)22

Cross-sectional
study

n = 119 with RP
n = 83 with deviation
≤10Δ and n = 36 with
deviation ≥10Δ

Cover test with prism Significant correlation (r = −0.39) between larger absolute
horizontal deviation (exo or eso) at near and residual binocular
visual fields measured with Goldmann perimetry
Threshold of binocular visual field 40 cm2 can distinguish
between patients with large (<40 cm2) and small horizontal
deviations

Migliorini
et al.
(2015)25

Cross-sectional
study

n = 23 with RP Cover test with prism n = 12 (52%)with heterophoria, n = 8 (35%) with intermittent or
constant strabismus; direction not stated
Strabismus ≥10 Δ in n = 4 (17%)
n = 15 (65%) showed restrictions in ocular motilities in at
least one direction

Tarita-Nistor
et al.
(2012)23

Case-control
study

n = 12 with AMD and
n = 16 normals

Eye tracker with
deviation measured
during binocular
viewing

75% of participants with AMD and 84% of normals showed
deviation (heterophoria) >1Δ

Skrbek
(2013)26

Cross-sectional
study

n = 12 with AMD
n = 5 where binocular
vision examination was
possible, as other
participants had
extensive vision loss in
one eye precluding
binocular vision
assessment

MKR methods with
polarization

n = 2 with esotropia and hypertropia, n = 1 with exotropia and
hypertropia, n = 2 no strabismus observed
Trend toward better vision in worse eye in participants where
binocular vision examination was possible
Adaptation to prism correction (n = 2 with esotropia)
anecdotally reported to be faster than in individuals without
vision impairment

Articles are sorted by order of appearance within the text. Δ = prism diopters; MKR = Mess- und Korrektionsmethodik nach Haase; n = number of
participants; r = correlation coefficient.
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rehabilitation. Further studies investigating patient satisfaction
and success upon prescription of low vision aids incorporating con-
siderations of patients' binocular vision status are required, to
guide whether examination of the vergence system should be rou-
tinely considered in the low vision population.

Stereopsis

The ability to locate objects in relation to one's own location is
necessary for accurate interactions with the surrounding environ-
ment32 and is particularly important in reaching and placement
tasks (for example, setting the table and putting away groceries)
and navigation within the environment (for example, walking up
and down steps and avoiding obstacles that may induce falls).33

Surrounding the horopter, along which locations in visual space
stimulate corresponding retinal locations, is Panum’s fusional area
www.optvissci.com Optom Vis Sci 202
where a single binocular vision is obtained, despite noncorresponding
retinal locations being stimulated.19 This occurs as inputs that fall
on disparate retinal locations between eyes are fused or combined
to generate a perception of relative depth, a visual process known
as stereopsis.

Stereopsis requires intact and reasonably symmetrical visual
function between eyes.34–36 Because many ocular pathologies pres-
ent asymmetrically, asymmetric inputs from corresponding retinal
locations may affect stereopsis. Studies investigating stereopsis in
simulated vision asymmetry and anisometropic amblyopia have re-
ported poorer stereoacuity with greater differences in vision between
the two eyes.35,37–39 Meanwhile, in simulated bilateral vision loss, a
milder reduction in stereoacuity is often observed, although the ex-
tent to which stereopsis is degraded cannot be directly correlated
with the extent of induced blur.39 It is therefore reasonable to predict
1; Vol 98(4) 312
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that, in moderate, bilateral vision loss (6/15), stereopsis may be
retained (Appendix Fig. A1C, available at http://links.lww.com/OPX/
A480). On the other hand, in severe, bilateral vision loss, central ste-
reopsis is likely to be markedly impaired or completely absent. In
conjunction with the increased likelihood of binocular vergence
anomalies including strabismus in the low vision population, which
are associated with poorer stereopsis,35 it can be extrapolated that
there is a notable proportion of the vision-impaired population with
deficits in stereopsis, and this deficit may contribute to difficulties
in activities involving accurate depth perception such as reaching
and placement tasks and mobility.

Several studies24,40,41 have observed reduced stereoacuity and
an increased prevalence of no stereopsis in patients with glaucoma
and RP compared with those with no ocular pathology, despite nor-
mal or only mildly reduced visual acuities (Table 2). In particular,
poor stereoacuity is associated with more advanced glaucoma, as
more extensive visual field defects and those encroaching fixation
cause sensory suppression in at least one eye,41,42 and has been
correlated with poor quality-of-life summary scores.43 Meanwhile,
absence of stereopsis in AMD patients with bilateral vision impair-
ment has been associated with reduced overall quality of life, with
these patients scoring particularly low on reading ability scores,44

but interestingly, no significant correlations between stereoacuity
and visual ability scores were reported, suggesting that only the
presence or absence of stereopsis affects functional visual abilities
in AMD. In contrast, Tabrett and Latham45 did not find an associ-
ation between presence of stereopsis and vision-related activity
limitations; however, this may be due to differences in study co-
horts or the relatively few participants in this study who demon-
strated measurable stereopsis.

The impact of reduced stereopsis in low vision on accurate ob-
ject placement tasks has been reported in several studies, provid-
ing further insight on how reduced stereopsis affects performance
in daily activities. In older subjects with macular disease and mea-
surable stereopsis, binocular viewing condition was associated
with a significant improvement in object placement tasks com-
pared with monocular viewing, and the level of improvement was
significantly correlated with stereoacuity.46 However, improve-
ments under binocular viewing in patients without measurable ste-
reopsis imply that monocular depth cues such as relative size may
have contributed to these findings. Meanwhile, Kotecha et al.47 in-
cluded a range of glaucoma participants with and without central
visual field defects meeting the criteria of low vision and reported
a significant correlation between stereoacuity and time to reach
the object, but correlations with all other reach-to-grasp perfor-
mance parameters were not significant. Overall, these studies sug-
gest that stereoacuity may affect performance in object placement
tasks; however, further studies with low vision cohorts withmeasur-
able stereopsis are required to confirm these findings.

In studies directly correlating stereopsis to the number of falls,
there appears to be no consensus in the available literature. Al-
though the majority of these do not specifically target the low vision
population, older individuals aremore likely to have ocular diseases
causing low vision,8 reflected by the inclusion of participants with
low vision in many studies, and are more likely to suffer significant
morbidity secondary to falls.48,52 Several studies found that re-
duced depth perception and stereoacuity conferred a significant
relative risk of multiple falls and hip fracture secondary to falls, in-
dependent of other demographic and physical risk factors,49–51,53

with an up to six times increased risk of multiple falls in participants
with no measurable stereopsis.50 However, a study specifically
www.optvissci.com Optom Vis Sci 202
investigating low vision participants failed to find a significant associ-
ation between absence of stereopsis and increased falls risk.48 This
may be due to their binary classification of “fallers” and “nonfallers,”
rather than quantifying the number of falls as per other studies. An al-
ternative explanation for this discrepancy is that several studies did
not adjust for visual acuity,49,51 which was also correlated with in-
creased risk of falls, and therefore, the risk of reduced stereopsis inde-
pendent of other vision-related confounders is difficult to extrapolate
from these studies alone.

The applicability of clinical measurements of stereopsis when
considering patient mobility and risk of falls may be considered
questionable, as stereoacuity measurements are typically per-
formed at near. Although depth perception at distance may be
measured using the Howard-Dolman apparatus, this is not com-
monly found in clinical practice, and no studies have investigated
its use in low vision assessments. Furthermore, Fig. 1 and Appen-
dix Table A1 (both available at http://links.lww.com/OPX/A480)
highlight the change in object distance required to perceive a
change in depth for near tasks compared with mobility and dis-
tance tasks; the large required changes in object distance for mo-
bility and distance tasks suggest that monocular depth cues may
play a greater role in identifying object distance compared with ste-
reopsis afforded by binocularity.

Collectively, themost consistent threshold criterion across stud-
ies associated with reduced quality of life and increased risk of falls
is absence of gross stereopsis, measured using the Titmus fly or
Frisby stereotest. Although several studies have reported significant
correlations between stereoacuity and othermeasures of visual func-
tion, such as visual acuity and visual field sensitivity,40,42 the rela-
tionships between presence of gross stereopsis and monocular or
binocular visual acuity, visual field sensitivity, and intereye asymme-
try in these visual parameters have not been explored, and therefore,
gross stereopsis should be measured where possible rather than in-
ferred based on other results of the clinical examination. Across
studies, there is much variation in stereoacuity measurement tech-
nique, study cohorts, and outcome measures reported across stud-
ies, so further work investigating different methods of measuring
stereoacuity and its relationship with performance on specific tasks
and other quality-of-life measures is required to determine standard-
ized criteria that may be applied to clinical settings.

There is no evidence suggesting that stereopsis can be improved
with rehabilitative efforts in patients with low vision. Rather, the
available literature implies that awareness of reduced stereopsis
as measured in a low vision assessment may be helpful in directing
rehabilitative toward areas where patients may have more diffi-
culty, such as fine motor tasks, falls risk, and self-navigation
around obstacles.

Binocular Summation and Inhibition

Most individuals with normal vision in each eye experience an
improvement in visual acuity and contrast sensitivity with binocular
vision versus monocular vision by a factor of √2,54–56 a phenome-
non termed binocular summation. Theoretical models describing
the mechanism of binocular summation include probability summa-
tion, that superior vision is expected binocularly as simultaneously
presented inputs to each eye provide double the opportunity of a
correct response over monocular viewing, and neural summation
or integration of inputs from both eyes.54,56 However, with greater
differences in monocular inputs between eyes, there is a greater
likelihood of binocular inhibition occurring, where binocular vision
is poorer than monocular vision in the better eye56; this is thought
1; Vol 98(4) 313



TABLE 2. Summary of nonreview articles investigating stereopsis in low vision populations

Study Study design Cohort Tests used Outcomes

Vingolo et al.
(2020)40

Case-control
study

n = 26 with RP and
n = 25 normals

Titmus stereotest, Lang
stereotest, TNO
stereotest

Significant reduction in stereoacuity across all stereotests in
RP patients compared with controls (69.3 to 391.39 vs.
15.97 to 1150″)
Although stereoacuity was significantly correlated with
visual acuity and mean retinal sensitivity on microperimetry
(correlations not stated), stereoacuity still reduced in RP
patients with normal visual acuity

Goldstein et al.
(1966)24

Retrospective
case-control
study

n = 14 with RP and
n = 23 normals

Titmus stereotest
(fly and Wirt rings)

Stereopsis absent or reduced in RP patients compared with
control, even in patients with visual acuity of at least 6/15 in
each eye

Lin et al.
(2018)41

Cross-sectional
study

n = 150 with glaucoma Distance Randot
stereotest

Only 35 participants (23.3%) demonstrated measurable
distance stereoacuity
Distance stereoacuity not a significant contributor tomodels
correlating multiple measures of visual function with
GQL-15 scores
Stereoacuity significantly correlated with mean integrated
visual field sensitivity (r = 0.278)

Lakshmanan
and George
(2013)42

Cross-sectional
study

n = 97 with glaucoma
n = 11 mild glaucoma,
n = 26 moderate
glaucoma, and n = 60
advanced glaucoma

Titmus stereotest
(fly and Wirt rings)

Significant correlation (r = 0.45) between stereoacuity and
classification of glaucoma: better stereoacuity in mild
glaucoma compared with severe glaucoma (median
stereoacuity 40″ in mild glaucoma, 50″ in moderate
glaucoma, and 60″ in advanced glaucoma)

Nelson et al.
(2003)43

Case-control
study

n = 47 with glaucoma and
n = 19 normals
n = 18 mild glaucoma,
n = 19 moderate
glaucoma, and n = 10
advanced glaucoma

Frisby stereotest Poorer stereoacuity correlated with lower GQL-15 summary
score
No significant correlation between stereopsis and specific
visual disability factors as per questionnaire

Cao and
Markowitz
(2014)44

Case series n = 27 with AMD Frisby stereotest Overall Functional Visual Abilities score higher in AMD
participants with any level of stereopsis compared with
those with no stereopsis (2.25 vs. 1.50)
No significant correlation between stereoacuity and any
visual ability score

Tabrett and
Latham
(2011)45

Cross-sectional
study

n = 100 with various ocular
pathologies
n = 57 with macular
pathology including
AMD, n = 11 with optic
nerve pathology
including glaucoma

Frisby stereotest n = 8 (8%) had measurable depth discrimination, and no
correlation observed between presence/absence of depth
discrimination and self-reported, vision-related activity
limitation

Verghese et al.
(2016)46

Case-control
study

n = 16 with AMD and
n = 9 normals

Randot stereotest,
custom
laboratory-based
stereoacuity test

Significant correlation (r = −0.78) between stereoacuity and
improvement in reach-to-grasp and transport-to-place task
performance under binocular viewing in participants with
measurable stereopsis
Significant correlation (r = −0.81) between overlap in
binocular and monocular scotomas and improvement in
performance under binocular viewing in AMD patients with
no measurable stereopsis

Kotecha et al.
(2009)47

Case-control
study

n = 16 with glaucoma and
n = 16 normals

Titmus stereotest
(fly only), Frisby
stereotest

Slightly poorer stereoacuity in glaucoma participants
compared with normals (55 vs. 40″)
Delays in initiating and performing reach-and-grasp tasks in
glaucoma participants compared with normals; however,
significant correlation between time to reach the object and
stereoacuity were observed only (r = 0.43, P < .02)

(Continued)
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TABLE 2. Continued

Study Study design Cohort Tests used Outcomes

Lamoureux et
al. (2010)48

Cross-sectional
study

n = 127 with various ocular
pathologies
n = 47 with mild vision
impairment, n = 64 with
moderate vision
impairment and n = 16
with severe vision
impairment

Titmus stereotest
(fly only)

n = 73 did not fall and n = 54 fell within study period
No significant difference in prevalence of gross stereopsis in
nonfalling and falling cohorts (n = 42 [58.3%] vs.
n = 30 [41.7%])

Lord and
Dayhew
(2001)49

Prospective
cohort study

n = 156, n = 45 with
various ocular
pathologies
n = 19 with cataract,
n = 21 with glaucoma,
n = 5 with AMD

Howard-Dolman
apparatus, Frisby
stereotest

n = 64 fell within study period and n = 32 fell multiple times
during study period
In participants with two or more falls compared with no falls
or one fall only, significantly poorer depth perception and
stereoacuity (depth perception, 5.76 vs. 1.99 cm and
1.98 cm; stereoacuity, 303 vs. 132 and 139,″ respectively)

Ivers et al.
(2000)50

Case-control
study

n = 911 with hip fracture
and n = 910 normals

Randot stereotest Increased risk of hip fracture associated with no gross
stereopsis (OR, 6.0, vs. stereopsis, 30 to 50″)
Statistically significant trend between decreasing
stereoacuity and risk of hip fracture (P < .0001)

Chew et al.
(2010)51

Case-control
study

n = 108 Participants with
low-fragility fractures
and n = 108 normals

Frisby stereotest Increased risk of fracture and falls associated with absence of
gross stereopsis, defined as stereoacuity >600″ (OR, 3.603
and 2.112, respectively, vs. stereopsis, 55 to 600″)

Articles are sorted by order of appearance within the text. ‘ = minutes of arc; “ = seconds of arc; GQL-15 = Glaucoma Quality of Life questionnaire; n =
number of participants; OR = odds ratio; r = correlation coefficient.
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to arise because of unequal retinal illumination between eyes, oth-
erwise known as Fechner paradox,57 and occurs with increasing
likelihood with greater differences in monocular inputs between
eyes. Because ocular diseases are often asymmetric in appear-
ance, the resultant asymmetry in visual function is likely to disrupt
the processes involved in binocular summation, and identifying
binocular summation characteristics in a low vision assessment
may direct recommendation of suitable low vision aids and rehabil-
itative care, depending on whether visual function is optimal with
monocular or binocular vision.54

Binocular summation characteristics have been relatively
well characterized in low vision populations with macular disease
(Table 3). Greater differences in visual acuity between eyes do
not confer a significant increase in prevalence of binocular inhibi-
tion of letter resolution acuity between individuals with AMD and a
control group of a similar age (39 vs. 33%),58 implying that binoc-
ular summation characteristics vary between individuals and can-
not be inferred from monocular measures, even though the linear
relationship between binocular and monocular better eye mea-
sures approaching 1:1 indicates that differences between binocu-
lar and better eye acuities are often minimal.59–61 Nonetheless,
this small difference may confer significant differences in binocu-
lar and monocular reading performance, with significant correla-
tions between maximum reading speed and binocular ratios
calculated for distance visual acuities implying that those AMD pa-
tients demonstrating binocular inhibition would have greater diffi-
culty with binocular reading regardless of their distance visual
acuity.62 This finding is further supported by Silvestri et al.,63

who reported that significantly poorer binocular reading speed in
patients with AMD and Stargardt disease demonstrated binocular
inhibition compared with those who demonstrated binocular sum-
mation. In the study of Silvestri et al.,63 patients with binocular in-
hibition also demonstrated significantly poorer binocular reading
speed and reading acuity compared with better eye monocular
www.optvissci.com Optom Vis Sci 202
viewing conditions. Whereas Tzaridis et al.60 observed reduced
binocular gain in reading speedwith greater interocular differences
in reading speed in patients with macular telangiectasia, indicat-
ing that binocular inhibition was detrimentally influencing reading
performance in this cohort, Kabanarou and Rubin59 did not find
significant differences between binocular and better eye monocu-
lar viewing with respect to reading speed or significant relation-
ships between interocular differences in visual acuity and change
in reading speed. Rubin et al.61 found that, despite 38% of their
cohort demonstrating binocular summation, binocular and monoc-
ular acuities were equally predictive of reading performance. These
findings are likely due to the relatively low prevalence of binocular
inhibition in these cohorts. Meanwhile, two studies that investi-
gated contrast summation characteristics found an increased prev-
alence of binocular inhibition in bilateral AMD compared with
participants with normal vision with gratings at low to medium spa-
tial frequencies (45 to 62 vs. 10%),57,64 although this prevalence
reduces to 9% when measured with the Pelli-Robson chart.59

Despite this variability between measurement techniques, there
exists the possibility that individuals with AMD exhibiting binoc-
ular inhibition may have more difficulty in daily activities in low
contrast environments.64

There are several concerns that affect the implications of binocu-
lar summation research on low vision rehabilitation. First, the tech-
niques used to measure visual acuity and contrast sensitivity vary
widely between studies, which in turn is likely to impact on the bin-
ocular summation effects observed. In AMD, when visual acuities
were measured with a Tumbling E chart, binocular summation was
preserved at all contrast levels, which does not appear consistent
with studies investigating contrast sensitivity using gratings.65 In ad-
dition, studies investigating contrast sensitivity characteristics in
AMD have used sine gratings,57,64 and the link with summation
characteristics measured with letter contrast sensitivities, as is more
often performed in clinical practice, has not been established.
1; Vol 98(4) 315



FIGURE 1. Simplified schematics depicting required change in object distance to detect change in depth with stereoacuity of 100″ andPDof 64mm. A,
For a typical near working distance of 40 cm, an object of interest (star) would only have to move 0.26 cm for change in depth to be detected. B, Con-
versely, at a typical working distance for mobility tasks of 150 cm (roughly equivalent to the distance between the eyes and feet), the object of interest
would have to move 3.58 cm for a change in depth to be detected, for the same PD. C, With a greater working distance of 300 cm (roughly equivalent to
looking across a room), the object of interest would have to move 13.1 cm for a change in depth to be detected. Please note that these numbers would
vary depending on PD, stereoacuity, and working distance (see Appendix Table A1, available at http://links.lww.com/OPX/A480 for further information).
″ = seconds of arc; PD = pupillary distance.
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Furthermore, poor repeatability of clinically measured summation
characteristics and poor correlation to self-reported binocular inhibi-
tion have been reported, which may be due to inadequate sensitivity
of currently available clinical tests.66 Lastly, to date, there are no
studies specifically investigating binocular summation characteris-
tics in low vision cohorts outside of macular disease, and therefore,
it is difficult to extrapolate the aforementioned findings to other
low vision populations. Overall, although the concept of binocular
summation and inhibition has potential to affect clinical practice
patterns, this has not been addressed in the current literature, and
therefore, further research systematically addressing patient out-
comes and satisfaction with prescription of low vision aids and
rehabilitation taking binocular summation characteristics into con-
sideration is required before these concepts can be applied regu-
larly into low vision assessments and rehabilitation.
Comment: Binocular Visual Dysfunction in Pediatric
Low Vision Populations

The body of evidence describing binocular vision dysfunctions
in low vision and blindness is focused on acquired degenerative
causes of vision impairment, and therefore, adult cohorts have
been primarily studied to date. Although participants younger than
18 years have been included in RP studies,22,40 it is difficult to
www.optvissci.com Optom Vis Sci 202
determine whether pediatric RP cohorts demonstrate different
degrees of binocular vision dysfunction, given that pooling of all
participants was performed. However, differences in binocular
summation characteristics in children and adolescents versus adult
participants with prior optic neuritis,67,68 although not strictly in-
cluding vision-impaired cohorts, suggest possible differences in
binocular vision characteristics in pediatric and adult populations
with the same ocular pathology. Furthermore, the vastly different
range of ocular pathologies causing vision impairment in pediatric
cohorts69,70 may manifest differently with respect to types and de-
grees of binocular vision dysfunction in older cohorts. Lastly, to
date there are no studies that detail binocular vision dysfunctions
specifically in causes of pediatric vision impairment. Given likely
impacts on activities of daily living and quality of life,71 work in this
field would be invaluable.

BINOCULAR MEASUREMENTS OF VISUAL
FIELD EXTENT

Binocular Visual Fields

Visual field assessment enables the identification of regions of
vision loss that could be contributing to difficulty in certain tasks
and remaining vision that can be used in the rehabilitation process.
1; Vol 98(4) 316



TABLE 3. Summary of nonreview articles investigating binocular summation and inhibition

Study Study design Cohort Tests used (parameter) Outcomes

Tarita-Nistor et
al. (2006)58

Case-control
study

n = 17 with AMD, n = 38
normals

Multiple tumbling E
tests at 12, 32, and
86% contrast (VA)

No significant difference in binocular ratios between groups
at 12, 32, and 86 contrast levels
No significant difference in proportions of participants
experiencing binocular inhibition, equality, and
summation between groups

Kabanarou
and Rubin
(2006)59

Cross-sectional
study

n = 22 with AMD EDTRS chart (distance
VA), MNREAD acuity
chart (reading speed)

n = 14 (63.6%) demonstrated positive binocular gain and
n = 3 (13.6%) demonstrated negative binocular gain in
reading speed
With reading speed plotted as a function of distance and
reading VA, no significant differences in slopes between
binocular and better eye (monocular) conditions
Interocular differences in VA and reading acuity are poor
predictors of binocular gain (r2 = 0.03 and 0.009,
respectively)

Tzaridis et al.
(2019)60

Cross-sectional
study

n = 68 with macular
telangiectasia type 2

ETDRS chart (distance
VA), Radner reading
charts (reading acuity
and speed)

Greater interocular difference in reading speed correlated
with reduced binocular gain in reading speed (r2 = 0.61)
No significant correlation between binocular VA and
interocular differences in VA

Rubin et al.
(2000)61

Cross-sectional
study

n = 2520 older individuals,
presence of ocular
pathologies not reported
n = 93 with VA >6/12 and
n = 21 with VA >6/60
n = 261 with dissimilar
VAs betweeneyes, although
VA cutoff not defined

EDTRS chart (distance
VA), computerized
reading display

With similar VAs between eyes, 38% show binocular
summation and 10% show binocular inhibition, whereas,
with dissimilar VAs between eyes, 20 to 29% show
summation, and 19 to 23% show inhibition
Inhibition on average was one letter
Binocular acuity and better eye acuity were equally as
predictive of reading performance across participants
(r2 = 0.50 vs. 0.48, respectively)

Tarita-Nistor
et al.
(2013)62

Cross-sectional
study

n = 20 with AMD ETDRS chart (distance
VA), MNREAD acuity
chart (reading speed)

Maximum reading speed significantly slower for patients with
binocular inhibition compared with those with binocular
summation or equality (mean, 42, 107, and 111 wpm,
respectively)
Significant correlation (r = 0.49) between binocular ratio
and maximum reading speed

Silvestri et al.
(2020)63

Cross-sectional
study

n = 42 with AMD, n = 29
with Stargardt disease

ETDRS chart (distance
VA), MNREAD acuity
chart (reading speed)

Maximum binocular reading speed significantly slower for
patients with binocular inhibition compared with those
with binocular summation (mean, 65 vs. 94 wpm,
respectively), and borderline slower compared with those
with equality (mean, 96 wpm)
In the binocular inhibition group, binocular performance
significantly poorer than better eye monocular
performance for reading speed (65 vs. 81 wpm,
respectively) and reading acuity (0.86 vs. 0.78 logMAR
units, respectively)

Faubert and
Overbury
(2000)64

Case-control
study

n = 49 with AMD, n = 10
normals

Sine gratings (contrast
sensitivity)

n = 27 (45%) of AMD participants showed poorer binocular
contrast sensitivity than better eye contrast sensitivity,
compared with n = 1 (10%) of normals

Valberg and
Fosse
(2002)57

Case-control
study

n = 13 with AMD, n = 10
normals

Sine gratings (contrast
sensitivity)

Monocular to binocular ratios of contrast sensitivity are
reduced in n = 12 (92%) of AMD participants

Gonzalez et al.
(2004)65

Case-control
study

n = 17 with AMD, n = 38
normals

Multiple tumbling E
tests at low, medium,
and high contrast
(distance VA)

Similar binocular ratios between AMD and normals
No change in binocular ratios with reduced contrast

Articles are sorted by order of appearance within the text. ETDRS = Early Treatment Diabetic Retinopathy Study; n = number of participants; r = correlation
coefficient; r2 = coefficient of determination; VA = visual acuity; wpm = words per minute.
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TABLE 4. Summary of nonreview articles investigating use of binocular visual fields testing, including useful field of view, in low-vision populations

Study Study design Cohort Tests used Outcomes

Tabrett and
Latham
(2011)45

Cross-sectional
study

n = 100 with vision
impairment
n = 54 with macular
disease including AMD,
n = 11 with optic
neuropathy including
glaucoma

Binocular HFA 30-2 Overall regression analyses showed that mean binocular
thresholds 10 to 30° from fixation was a significant predictor
of self-reported vision-related activity limitation in the
subcategories of goals, all tasks, mobility, and visual
information

Tabrett and
Latham
(2012)79

Cross-sectional
study

n = 100 with vision
impairment
n = 54 with macular
disease including AMD,
n = 11 with optic
neuropathy including
glaucoma

Binocular HFA 30-2 Greater visual field loss as per the binocular 30-2 associated
with increased self-reported vision-related activity limitations
Impairment in right side of central 5° best predicted activity
limitations in reading, and impairment in central 10 to 20°
best predicted activity limitations in mobility

Nelson-Quigg
et al.
(2000)80

Cross-sectional
study

n = 111 with glaucoma Monocular HFA
30-2, binocular
HFA 30-2

IVFs calculated from monocular visual field results using best
location and binocular summation were most similar to
binocular visual field results, with 95% of predictions within
3 dB of binocular results
IVFs calculated from mean sensitivities of monocular visual
field results performed most poorly

Crabb et al.
(2004)81

Cross-sectional
study

n = 65 with glaucoma Binocular Esterman,
monocular HFA
24-2, UFOV

Substantial agreement between Esterman test scores and IVF
sensitivity values using pass/fail criteria (κ = 0.69)
IVF has 100% sensitivity and 88% specificity using Esterman
as comparative measure
Comparisons of UFOV test results for 2% who failed IVF but
passed Esterman versus other cohorts suggested Integrated
Visual Field results more similar to those that failed both tests

Crabb and
Viswanathan
(1998)82

Cross-sectional
study

n = 48 with glaucoma Binocular Esterman,
monocular HFA
24-2

IVF score (summary score describing number of defects <10
and <20 dB) showed better classification of participants with
self-perceived visual difficulty compared with the Esterman
Efficiency Score (AUROC, 0.79 vs. 0.70)

Chisholm et al.
(2008)83

Cross-sectional
study

n = 60 with binocular
paracentral scotomas
of various origins

Monocular HFA
24-2, binocular
Esterman, UFOV

Good agreement between IVF and Esterman fields in pass/fail
classification regarding fitness to drive standards (κ = 0.84)
One participant failed IVF but passed Esterman, whereas
three passed IVF but failed Esterman, as defective locations
were outside of the area tested in IVF
No significant difference in UFOV scores in patients who
passed and failed IVF and Esterman

Xu et al.
(2019)78

Cross-sectional
study

n = 250 with glaucoma,
n = 31 normal

Monocular HFA
30-2, binocular
Esterman

In cases of glaucoma with asymmetric visual field loss, IVF MDs
were significantly worse than better eye MDs; however,
Esterman scores were more similar to better eye VFIs.
IVF MDs were significantly worse in bilateral moderate
glaucoma and unilateral or bilateral severe glaucoma,
whereas Esterman scores were only significantly worse in
bilateral severe glaucoma

Crabb et al.
(2005)84

Cross-sectional
study

n = 59 with glaucoma Binocular Esterman,
monocular HFA
24-2

Substantial agreement between Esterman test scores and IVF
sensitivity values (κ = 0.81)
IVF has 100% sensitivity and 86% specificity using Esterman
as comparative measure

Bozzani et al.
(2012)85

Cross-sectional
study

n = 132 with glaucoma Monocular HFA 24-2 Significant correlation between mean IVF sensitivity and
VFQ-25 composite score (r = −0.71) and all subscales
excluding general health and ocular pain (not stated)
Significant correlations between mean IVF sensitivity and
utility values calculated from EQ-5D, SF-6D, and TTO
questionnaires (r = −0.25 to −0.47)

(Continued)
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TABLE 4. Continued

Study Study design Cohort Tests used Outcomes

Chun et al.
(2019)86

Cross-sectional
study

n = 826 with glaucoma Monocular HFA 24-2 Significant correlations between mean IVF sensitivities and
VFQ-25 composite score (r2 = 0.176 to 0.181) and all
subscales excluding near activities and ocular pain
(r2 = 0.114 to 0.145)

Subhi et al.
(2017)87

Cross-sectional
study

n = 50 with peripheral
vision loss
n = 23 with glaucoma,
n = 14 with RP, n = 4
with retinal detachments,
n = 9 with undisclosed
pathology

Binocular threshold
extending across
120°, binocular
suprathreshold
(10 dB) extending
across 120°,
binocularEsterman,
monocular HFA
24-2

Significantly better AUROC for binocular threshold and
suprathreshold summary scores compared with IVF MD for
self-reported difficulty in walking and bumping into objects
and people
Significantly better AUROC for Esterman summary score
compared with IVF MD for self-reported difficulty in bumping
into objects and walking in high glare

Musch et al.
(2017)77

Cross-sectional
study

n = 607 with glaucoma Binocular Esterman,
monocular HFA
24-2

Weak to modest correlations between Esterman test scores and
binocular MD approximated from monocular visual fields
(r = 0.31 to 0.42 for different methods of calculating MD)
Esterman test scores correlated better with VAQ total score
and seven of nine subscales compared with binocular
approximations (r = 0.14 to 0.25), and similar trends were
observed in distance vision, peripheral vision, and driving
subscales of NEI-VFQ (r not stated)

Kotecha et al.
(2009)47

Case-control
study

n = 16 with glaucoma and
n = 16 normals

Titmus stereotest
(fly only), Frisby
stereotest

Correlation between poorer IVF and delays in initiating
reach-and-grasp movement in glaucoma participants
(r = 0.55, P = .001)
Initial misestimation of object position indicated by
significant correlations between poorer IVF and faster time to
reach maximum speed (r = 0.52, P < .002) and to reach
deceleration (r = 0.37, P = .04).

Murata et al.
(2013)88

Cross-sectional
study

n = 164 with glaucoma Monocular HFA 30-2 In IVFs across the central 60°, reduced sensitivities across the
horizontal meridian corresponded to more difficulty in
vision-related activities of daily living, particularly in reading
and dining subcategories
Difficulties in walking and going out subcategories
corresponded to reduced sensitivities in the inferior hemifield
and superior hemifield, respectively

Yamazaki et al.
(2019)89

Cross-sectional
study

n = 172 with advanced
glaucoma

Monocular HFA 24-2
and 10-2

Worse IVF scores in the lower subfields of the 24-2 and 10-2
IVFs associated with poorer total disability index in Rasch
analysis–derived person ability index
Specific tasks affected by worse IVF scores were reading
sentences, walking, going out, dining, and miscellaneous
tasks

Turano et al.
(2004)90

Cross-sectional
study

n = 1504 participants
n = 136 with VA worse
than 20/40 (cause
unspecified)

Monocular HFA
single threshold
(24 dB) 30-2,
modified
binocular
Esterman without
weighting

Greater visual field loss in the central 40° and in the inferior
periphery correlated with slower walking speed: 0.8 cm/s for
every 6 points missed in the central 40° and 0.6 cm/s for
every 2 points missed in the inferior periphery
Greater visual field loss in the central 40° correlated with
increased number of bumps into obstacles: 13% increase for
every 6 points missed in the central 40°

Black et al.
(2008)91

Cross-sectional
study

n = 54 with glaucoma Monocular HFA 24-2
and single
threshold (24 dB)
extending across
120°

Significantly increased postural sway with eyes open in
participants with poorer IVF MD and increased number of
points missed on 120° binocular visual field
Similar Spearman correlation coefficients between binocular
60 and 120° visual fields for all sway characteristics (r = 0.13
to 0.51)

Kotecha et al.
(2012)92

Case-control
study

n = 24 with glaucoma and
n = 24 normals

Monocular HFA 24-2 Lower visual contribution and higher somatosensory
contribution to sway in participants with glaucoma
Poorer binocular MD correlated with reduced visual
contribution and increased somatosensory contribution to
sway in glaucoma participants

(Continued)
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TABLE 4. Continued

Study Study design Cohort Tests used Outcomes

Ramulu et al.
(2019)93

Prospective
cohort study

n = 225 with glaucoma or
glaucoma suspect status

Monocular HFA 24-2 IVF sensitivity not associated with higher rate of falls per year;
however, with 5 dBworsening of IVF sensitivity, there were 33
and 45% higher rates of falls per step at home and away from
home, respectively

Subhi et al.
(2017)94

Cross-sectional
study

n = 52 with peripheral
vision loss
n = 22 with glaucoma,
n = 21 with RP, n = 2
with vascular conditions,
n = 2 with retinal
detachments, n = 5 with
undisclosed pathology

Binocular HFA 30-2
and 60-4

Significant correlations between self-reported mobility
subscores and mean thresholds for central visual field (within
30° from fixation) and peripheral visual field (30 to 60° from
fixation) (r2 = 0.61 and 0.63, respectively)
In multiple regression analysis, inferior visual field (from 0 to
60° of fixation) best predicts mobility function

Fletcher et al.
(2012)95

Cross-sectional
study

n = 153 with AMD California central
visual field test,
Smith-Kettlewell
reading test, MN
read chart

Patients with binocular scotoma border within 2.5° of fixation
had greater error rates in Smith-Kettlewell reading test
compared with patients with no binocular scotoma border
near fixation

Pardhan et al.
(2017)33

Case-control
study

n = 17 with AMD, n = 17
with glaucoma (without
low vision) and n = 10
normals

Monocular HFA 30-2 Significantly longer movement time and reaction time in AMD
patients compared with glaucoma and normals
Significant correlations between poorer IVF scores within
the central 5° and central 10°, and longer movement time
(r = −0.49 for 5° and −0.45 for 10°), deceleration time
(r = −0.51 for 5° and −0.44 for 10°), and velocity corrections
(r = −0.44 for 5° and −0.40 for 10°)

Verghese et al.
(2016)46

Case-control
study

n = 16 with AMD and n = 9
normals

Optos OCT/SLO Significant correlation (r = −0.78) between stereoacuity and
improvement in reach-to-grasp and transport-to-place task
performance under binocular viewing in participants with
measurable stereopsis
Significant correlation (r = −0.81) between overlap in
binocular and monocular scotomas and improvement in
performance under binocular viewing in AMD patients with no
measurable stereopsis

Tzaridis et al.
(2019)60

Cross-sectional
study

n = 68 with macular
telangiectasia type 2

Radner reading
charts (reading
acuity and speed),
MP1
microperimeter

Binocular gain in reading speed correlated with left eye scotoma
size (r2 = 0.81), indicating increased binocular inhibitionwith
larger left eye scotoma
Binocular reading speed did not correlate with right eye
scotoma size

Kabanarou et al.
(2006)96

Cross-sectional
study

n = 29 with AMD Infrared eye tracking,
SLO

n = 20 demonstrated shift in gaze position from monocular to
binocular viewing, with n = 17 demonstrating shift with worse
eye monocular viewing only
Significantly greater shift in gaze position from monocular to
binocular viewing in worse eye monocular viewing compared
with better eye monocular viewing (median, 5.6 vs. 1.2°;
P < .001)
Shift in gaze position from monocular to binocular viewing
with worse eye predictive of the difference between worse and
better eye PRLs (r2 = 0.59)

Tarita-Nistor
et al.
(2015)97

Cross-sectional
study

n = 9 with AMD and n = 5
normals

MP-1
microperimetry,
infrared eye
tracking

Monocular PRLs estimated with eye tracking yielded mean
horizontal error of 0.2° and vertical error of 0.5° compared
with PRLs measured with microperimetry
Binocular PRLs fell within corresponding retinal locations and
were similar to monocular PRLs in n = 8 AMD participants
and all normal participants

Articles are sorted by order of appearance within the text. κ = kappa coefficient; AUROC = area under receiver operator curve; EQ-5D = EuroQoL Index
Tool; HFA = Humphrey Field Analyzer; HR = hazard ratio; IVF = integrated visual field; MD = mean deviation; n = number of participants; NEI-VFQ =
National Eye Institute Visual Function Questionnaire; OCT = optical coherence tomographer; OR = odds ratio; PRL = preferred retinal locus; r = correlation
coefficient; r2 = coefficient of determination; SF-6D = SF-36 (36-Item Short Form) using SF-D algorithm; SLO = scanning laser ophthalmoscope; TTO =
Time Trade Off; UFOV = Useful Field of View; VA = visual acuity; VAQ = Visual Activities Questionnaire; VFI = visual field index; VFQ-25 = Visual Function
Questionnaire.
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FIGURE 2. Schematic demonstrating locations within the central 60°
most important for reading (top left), dining (top right), and walking
and going out (bottom left) in patients with glaucoma calculated using
the IVF, based on Murata et al.88 and Yamazaki et al.89 (shaded in red
and blue, respectively). The smallest to largest concentric rings indi-
cate 10, 24, and30° from fixation, respectively. Note that both studies
were conducted in Japan where reading direction may be different,
and similar studies with Caucasian populations have not yet been con-
ducted. IVF = integrated visual field.

Binocular Vision in Low Vision — Tong et al.
Monocular threshold visual field assessments, typically performed
to monitor the underlying ocular disease, do not directly translate
to the habitual binocular setting and therefore are not directly ap-
plicable in low vision rehabilitation. Meanwhile, manual methods
of measuring binocular visual fields, including Bjerrum screen and
Goldman kinetic perimetry, are gross measurements of visual func-
tion that are less useful in identifying relative scotomas, as these
methods rely on detection of stimuli that do not change in intensity.
A similar problem affects the conventional Amsler grid, which has
demonstrated significantly poorer sensitivity in identifying defective
locations in the central visual field comparedwith threshold perimetry
in a low vision cohort, with proposedmodifications improving sensitiv-
ity not adopted into widespread practice.72 Similarly, although
forming the standard of care mandated by driving and licensing au-
thorities internationally,73,74 the suprathreshold nature of Esterman
binocular visual field assessment imparts relatively poor sensitivity
in identifying relative scotomas compared with monocular threshold
perimetry.75–78 Therefore, although kinetic and Esterman visual field
assessments provide a gross understanding of a patient's remaining
visual function binocularly, particularly in the presence of very pro-
nounced visual field loss, more subtle reductions in the visual field
impacting difficulties in activities of daily living such as reading or
mobility may be missed using these techniques alone.

Adapting existing monocular threshold visual field strategies to
be performed binocularly has been explored previously,45,79 with
these studies identifying that central locations in the visual field
and locations 10 to 30° from fixation were significant predictors
of vision-related activity limitation for reading and mobility tasks,
respectively. A surrogate to binocular threshold tests that does
not require additional visual field tests to be performed is the inte-
grated visual field, which combines existing monocular threshold
visual field results to create a compositemap representing patient's
binocular visual field sensitivities. Several methods of calculating
pointwise integrated visual field thresholds have been described
across different studies, withmeasurements using the higher visual
field sensitivities between eyes as the “binocular” threshold value
and using binocular summation equations to calculate binocular
sensitivity demonstrating the best agreement with binocular thresh-
old visual field results (Table 4).80 Although substantial agreement
between integrated visual field and Esterman results has been re-
ported in some studies,81,83,84 Xu et al.78 observed that mean visual
field sensitivities calculated from integrated visual field results were
able to distinguish moderate and severe glaucoma from early glau-
coma subgroups, whereas Esterman scores could not distinguish
early and moderate glaucoma. However, whether the more subtle
binocular visual field defects detected with integrated visual field
affect functionality and vision-related quality of life is of greater rel-
evance, and there have been mixed results from this perspective,
with some studies reporting superior correlations with integrated
visual field82,85,86 and others finding better correlations with
Esterman.77,87 Nevertheless, the integrated visual field has been
used to identify patients with atypical performance on reach to
grasp tasks including initiating movement and misestimation of
object location,47 as well as identifying areas of the binocular vi-
sual field affecting self-reported function in activities such as read-
ing, dining, and walking in patients with glaucoma88,89 (Fig. 2),
and these may be beneficial to identify areas of potential difficulty
based on individual patients' visual fields to target rehabilitative
processes. However, because similar analyses have not been per-
formed with Esterman visual field testing, head-to-head comparisons
between Esterman and integrated visual field are required to
www.optvissci.com Optom Vis Sci 202
identify whether Esterman visual field testing is sufficient to
identify patients with these difficulties in daily activities or
whether additional efforts to compute the integrated visual field
are required. In addition, patients with greater visual field de-
fects in integrated visual field have greater postural sway andmore
difficulty with laboratory mobility tasks90–92 and are at greater risk
of falls,93 suggesting that integrated visual field can be used to
identify patients withmobility difficulties thatmay benefit from fall
prevention programs.

The integrated visual field is not without its limitations, themost
notable of which is that the area of the visual field tested is smaller
compared with the binocular Esterman and kinetic perimetry.
Although several studies have observed equivalent correlations
between mean visual field indices and mobility factors when
comparing the central 60°, which is within 30° of fixation, and the
central 120° of the visual field,90,91,94 Subhi et al.94 reported that
the inferior visual field up to 60° from fixation was the best predictor
of self-reported mobility. However, given that this area also includes
the inferocentral visual field (that is 0 to 30° from fixation), further
studies specifically investigating the roles of the inferocentral and in-
ferior peripheral visual field on mobility are required before addi-
tional recommendations on threshold testing outside of the central
60° can be made. Furthermore, at this stage, automated perimeters
do not automatically calculate the integrated visual field, and the
further steps required to calculate individual visual field thresholds
across the visual fieldmay be considered a cumbersome addition to
1; Vol 98(4) 321
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the low vision assessment. Perhaps in the future, with greater up-
take of the integrated visual field within clinical practice, auto-
mated algorithms to calculate the integrated visual field would be
included in commercially available devices, increasing the accessi-
bility of integrated visual field to practicing low vision clinicians.

Relatively little research has focused on the applicability of visual
field assessment on characterizing binocular scotomas in central
vision loss. This is surprising considering that increasing central
scotoma size, when measured binocularly, has been reported to
significantly affect reading performance independent of visual
acuity measurements.95 One study to adopt an integrated visual
field-like approach33 reported significant correlations between
poorer integrated visual field scores in the central 10° and several
reach-to-grasp parameters, consistent with previous work identify-
ing that the presence of binocular central scotomas affects perfor-
mance in reach-to-grasp tasks.98 A more common approach in
central field loss is to usemonocularmicroperimetry results to designate
tested locations as part of or outside of the binocular scotoma to esti-
mate binocular scotoma size,46 as poor fixation stability in central visual
field loss generally precludes standard automated perimetry from being
performed. Verghese et al.46 reported that a greater difference between
the binocular scotoma andmonocular scotoma of the better-seeing eye
resulted in poorer performance in object placement tasks, which the au-
thors postulated was due to the effects of rivalry when the difference
was greater. Interestingly, although Tzaridis et al.60 did not compute
the binocular scotoma size frommicroperimetry, in patients withmacu-
lar telangiectasia and central vision loss, they observed worse binocular
gain in reading speeds with larger left eye scotomas but not right eye
scotomas; the authors hypothesized that left eye scotomas, projecting
to the right side of the visual field, interrupt the perceptual span re-
quired for fluent reading more so than right eye scotomas. However,
in light of the unavailability of binocular microperimetry methods to
date, logistical concerns including variations in binocular and
monocular viewing directions and therefore location of preferring
retinal loci potentially affect the precision of mapping binocular
scotomas from monocular scotomas using microperimetry.23,96

Whereas Kabanarou et al.96 observed significant shifts in gaze po-
sition between worse-seeing eye monocular viewing and binocular
viewing in 20 of 29 AMD participants, implying that corrections for
differences in gaze are required before mapping binocular scotomas
frommonocular perimetry, a small study by Tarita-Nistor et al.97 dem-
onstrated that preferred retinal loci did not differ significantly between
monocular and binocular viewing conditions in nine AMD partici-
pants. As such, larger-scale studies applying integrated visual field
concepts to central threshold visual field testing, incorporating possi-
ble differences in gaze position with monocular versus binocular view-
ing, and their correlations with near activities are required before
determining its utility in clinical low vision assessments.

COMMENT: ADDITIONALGAPS IN THE LITERATURE

Patients with central vision impairment often complain of diffi-
culties with facial recognition, yet there is little literature exploring
the role of binocular visual function on facial recognition. Although
the presence of central visual field defects has been correlated with
increased difficulty in recognizing faces in patients with AMD and
glaucoma,99,100 these studies used monocular visual field results
or inferred binocular visual field performance from better eye visual
fields only; it is therefore difficult to judge howmethods of assessing
the binocular visual field may contribute to our understanding of
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difficulties with facial recognition. Moreover, studies comparing
acuity measures, both monocularly and binocularly, to perfor-
mance on facial recognition tasks showed variable results,61,101

and therefore, the role of binocular summation on facial recognition
ability is equally contentious. Tejeria et al.101 found that
self-reported facial recognition did not correlate with performance
on in-office facial recognition tasks, which may confound the ability
of clinical measures to obtain meaningful information on how pa-
tients recognize faces in real-world environments. It would be worth-
while if future studies could explore the potential role of clinically
measured binocular visual functions on real-world facial recognition
in low vision cohorts.

The majority of studies investigating binocular vision dysfunc-
tions and measurement of the binocular visual field in vision im-
pairment have concentrated on AMD, glaucoma, and RP cohorts
as key ocular pathologies resulting in low vision. However, diabetic
retinopathy is another significant contributor to nonreversible vi-
sion impairment with previously reported substantial impacts on
quality of life,102,103 yet there were no studies to date that specif-
ically investigated binocular visual processes in diabetic retinopa-
thy. Although several studies included patients with diabetic
retinopathy,17,45,48,79 these were pooled with the remainder of
the cohort before analysis, and analysis by cause of vision impair-
ment was not performed, so at face value, how diabetic retinopathy
may affect binocular vision distinct from other ocular pathologies
could not be discerned. Particularly, as vision impairment in dia-
betic retinopathy may manifest as both central and/or peripheral
vision loss, studies specifically exploring how binocular vision
dysfunctions and binocular visual field measures impact visual
function in diabetic retinopathy would be of value and may aid
low vision rehabilitation in this cohort.

Finally, how addressing identified binocular vision dysfunctions
and binocular visual field defects, via the appropriate choice of low
vision aid and rehabilitation, affects rehabilitation success, patient
satisfaction, and overall quality of life has not been explored in de-
tail, forming a significant gap in the available evidence. Only one
study by Skrbek26 has reported improved binocular visual acuity
and anecdotal acceptance of prism in AMD patients with esotropia.
Further research on the choice of low vision aids and rehabilitation,
guided by clinical measures of binocular vision, is necessary to
determine whether binocular vision assessment can translate to
improved quality of life in vision-impaired populations.

CONCLUSIONS

The literature has consistently described a higher prevalence of
dysfunctions in ocular alignment, stereopsis, and binocular sum-
mation across a variety of ocular pathologies causing vision impair-
ment. Reading performance in low vision cohorts can be affected
by the presence of ocular alignment dysfunctions, binocular sum-
mation characteristics, and central visual field defects measured
binocularly, and mobility and accurate object placement are af-
fected by stereopsis and peripheral visual field defects as mea-
sured binocularly. Furthermore, the absence of stereopsis and
binocular visual field deficits can identify patients with greater
self-reported reductions in quality of life. Therefore, the identifica-
tion of these binocular vision dysfunctions and deficits in the bin-
ocular visual field during routine low vision assessments should
be applied during rehabilitation. However, the level of vision im-
pairment or asymmetry in vision impairment at which assessments
1; Vol 98(4) 322
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of binocularity are no longer practical has not been established. In
addition, research regarding the direct impact of rehabilitative ef-
forts targeting binocular vision dysfunctions on patient outcomes
www.optvissci.com Optom Vis Sci 202
is still an emerging area of research interest and would be invalu-
able to facilitate delivery of optimal, best-practice care for patients
with low vision in rehabilitation processes.
ARTICLE INFORMATION

Supplemental Digital Content: Appendix Table A1, avail-
able at http://links.lww.com/OPX/A480, shows the re-
quired change in object distance to detect change in
depth with varying stereoacuities for pupillary distance
(PD) of 64 mm and working distances of 40, 150, and
300 cm, as per Fig. 1. These values are under the theo-
retical assumption that other monocular cues to depth
do not play a role; where larger changes in object dis-
tance are required before stereopsis computes a change
in depth, it is far more likely that changes in depth are
computed with smaller changes in object depth owing
to monocular cues in real-life scenarios.

Appendix Figure A1 (available at http://links.lww.com/
OPX/A480). Simplified schematics depicting potential
deficits in stereopsis in various levels of visual impairment
when fixating on an object of interest (star). The black
dotted line indicates the horopter and the surrounding
area bordered by the solid black lines indicate Panum’s
fusion area, with location from fixation on the star labeled
above. The white-to-gray color scale within Panum’s
fusion area depicts maximum stereoacuity to no
measurable stereopsis. (A) With normal bilateral visual
function, there is bifoveal fixation with the principal
visual directions (red dotted lines) on the object of
interest, resulting in the retinal images to fall on
corresponding retinal locations and accurate computation
of central stereopsis. In normal participants, stereoacuity
decreases with increasing eccentricity and is measurable
out to 14° from fixation.37 (B) In asymmetric central
vision impairment with resultant moderately poor vision in
one eye, the asymmetry in retinal inputs results in
reduced stereoacuity. (C) In bilateral mild visual
impairment, given the similarity of retinal inputs
between eyes, stereoacuity is likely to be reduced,
albeit less markedly than in B. (D) In bilateral severe
central vision impairment, central stereopsis is absent.
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