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Home vision monitoring in patients with maculopathy: current
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Patients with macular pathology, including that caused by age-related macular degeneration and diabetic macular oedema, must
attend frequent in-clinic monitoring appointments to detect onset of disease activity requiring treatment and to monitor
progression of existing disease. In-person clinical monitoring places a significant burden on patients, caregivers and healthcare
systems and is limited in that it only provides clinicians with a snapshot of the patient’s disease status. The advent of remote
monitoring technologies offers the potential for patients to test their own retinal health at home in collaboration with clinicians,
reducing the need for in-clinic appointments. In this review we discuss visual function tests, both existing and novel, that have the
potential for remote use and consider their suitability for discriminating the presence of disease and progression of disease. We
then review the clinical evidence supporting the use of mobile applications for monitoring of visual function from clinical
development through to validation studies and real-world implementation. This review identified seven app-based visual function
tests: four that have already received some form of regulatory clearance and three under development. The evidence included in
this review shows that remote monitoring offers great potential for patients with macular pathology to monitor their condition
from home, reducing the need for burdensome clinic visits and expanding clinicians’ understanding of patients’ retinal health
beyond traditional clinical monitoring. In order to instil confidence in the use of remote monitoring in both patients and clinicians
further longitudinal real-world studies are now warranted.
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INTRODUCTION
The effectiveness of vision-preserving treatments for patients with
progressive diseases of the macula, such as age-related macular
degeneration (AMD) and diabetic macular oedema (DMO), relies
on timely detection of disease activity [1–3]. Early initiation of anti-
vascular endothelial growth factor (VEGF) therapy can slow
disease progression and preserve vision in patients with
neovascular AMD (nAMD) or DMO [1, 3]. Regular monitoring of
visual function and retinal health enables the timely detection of
vision-threatening stages, such as the onset of nAMD, fellow eye
conversion, or the detection of DMO in patients with diabetic
retinopathy (DR) [1, 3–6]. However, retinal health must be assessed
at outpatient retina clinics, hospitals, optometrist offices, pharma-
cies or specialist retina offices with ophthalmic imaging capabil-
ities, principally optical coherence tomography (OCT) [1, 3]. The
need for regular in-clinic assessments places a significant burden
on patients, caregivers and healthcare systems and only provides
snapshots of disease. Disease progression is unpredictable so, if
patients are not monitored frequently enough, disease reactiva-
tion may only be detected after significant loss of vision has
occurred [1, 7]. Conversely, non-treatment visits, which occur
when disease activity is not detected during a clinic visit, are
burdensome. Tailoring retreatment intervals to each individual

case is crucial to ensure treatment frequency is sufficient to
maintain disease control [7–10].
The coronavirus disease (COVID-19) pandemic has highlighted the

potential of digital technologies to enable alternative models of care,
with clinical applications of remote monitoring technologies
emerging across a variety of medical disciplines [11, 12]. This has
coincided with widespread smartphone ownership in the USA and
Europe [13], with themajority of adults aged 55 years or over owning
a smartphone [13, 14]. Indeed, globally, smartphones and tablets are
already used extensively as aids by adults with visual impairments
[15] and most patients with retinal disease report having both the
means and motivation to engage in home monitoring [16].
Currently, remote monitoring for macular disease at scale can

be achieved in a cost-efficient way only with respect to visual
function monitoring. Miniaturisation of OCT imaging technology
for home use has been investigated [17, 18]. However, given the
extent of the at-risk population for degenerative macular
pathology, technologies with a high upfront hardware cost, such
as home retinal imaging devices, are unlikely to have sufficient
reach in the near future. For patients with macular pathology,
remote tests of visual function that can be administered via readily
available devices, such as smartphones and tablets, have the
greatest potential to benefit as many patients as possible.

Received: 23 September 2022 Revised: 25 January 2023 Accepted: 28 February 2023
Published online: 27 March 2023

1Moorfields Eye Hospital NHS Foundation Trust, London, UK. 2Institute of Ophthalmology, University College London, London, UK. 3F. Hoffmann-La Roche Ltd, Basel, Switzerland.
4The University of Nevada, Reno School of Medicine, Reno, NV, USA. 5Sierra Eye Associates, Reno, NV, USA. 6Department of Eye and Vision Science, University of Liverpool,
Liverpool, UK. 7Genentech Inc., San Francisco, CA, USA. 8Retina Foundation of the Southwest, Dallas, TX, USA. 9Department of Ophthalmology, UT Southwestern Medical Center,
Dallas, TX, USA. ✉email: k.balaskas@nhs.net

www.nature.com/eye

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41433-023-02479-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41433-023-02479-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41433-023-02479-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41433-023-02479-y&domain=pdf
http://orcid.org/0000-0002-7690-6277
http://orcid.org/0000-0002-7690-6277
http://orcid.org/0000-0002-7690-6277
http://orcid.org/0000-0002-7690-6277
http://orcid.org/0000-0002-7690-6277
https://doi.org/10.1038/s41433-023-02479-y
mailto:k.balaskas@nhs.net
www.nature.com/eye


Although not a substitute for in-clinic, imaging-based monitoring,
such remote monitoring has the potential to detect disease onset
and disease reactivation. Consequently, remote monitoring could
eventually be used to reduce non-treatment visits in pro re nata
anti-VEGF regimens and to personalise treat-and-extend regimens.
Reviews have identified over 40 apps that are available in the
Apple and Android app stores for mobile or online visual acuity
(VA) testing. However, they have also highlighted a lack of
scientific validation and failure to meet the rigorous standards
required for accurate testing of visual function in almost all these
available apps [19–21]. To allay clinicians’ concerns regarding
safety and effectiveness, remote monitoring solutions should be
evidence based, developed in accordance with local medical
device regulations and approved by regulatory authorities.
The purpose of this review was to identify available evidence on

the performance and clinical utility of remote visual function
monitoring mobile applications that may be used for at-home
disease monitoring by patients with existing macular pathology.

METHODOLOGY
This review includes literature meeting the following criteria:
studies of remote visual function monitoring mobile applications,
which may be installed on existing devices such smartphones or
tablets, intended for self-monitoring use by patients with an
existing macular pathology diagnosis. Technologies that were
intended solely for screening of patients without existing
pathology, required the use of bespoke hardware, did not require
patients to self-test their vision (e.g., video consultation software),
were not available on mobile devices or were only available via a
web browser were not considered for this review.
We used Embase to identify relevant literature by searching

titles and abstracts for the following keywords: visual acuity or
sight test or vision test or hyperacuity; telehealth or telemedicine
or remote or mobile application or smartphone or iPod; AMD or
retinopathy(ies) or maculopathy(ies). Searches were limited to
English language publications. There were no search limits on
article types or publication date.
These searches were supplemented by our own knowledge of

the relevant literature and with additional artificial intelligence-
based techniques of semantic searching (www.semanticscholar.org)
and citation searching of key papers (https://inciteful.xyz/). Table 1
provides a full description of the search strings used to identify the
literature. These searches identified 104 papers. Of these, 21 papers
reporting on seven apps met our inclusion criteria after abstract
screening (Table 2) and are included in this review.

Use and utility of mobile applications for remote monitoring
of visual function
Visual function tests with potential for remote use. VA, visual
distortion (metamorphopsia) and blind spots (scotomas) are
routinely monitored as assessments of macular pathology.
Contrast sensitivity assessments may also be monitored during

in-clinic testing but are more frequently used in a research setting.
Novel tests of two alternative aspects of visual function –
hyperacuity and visual field damage – have also been developed
to overcome some of the limitations of conventional measures
when trying to sensitively measure subtle changes in visual
function due to macular pathology [22–25].

Visual acuity: VA tools such as the Snellen chart and Early
Treatment for Diabetic Retinopathy Study (ETDRS) chart measure
an individual’s ability to recognise letters at high luminance and
contrast at a set distance. However, many patients with diagnosed
macular pathology have preserved VA during the early stages of
the disease [26, 27]. By the time reduced VA is observed, the
disease may already have reached an advanced stage. For
example, VA assessed with a high-contrast Bailey–Lovie chart
was insufficient to distinguish between patients with early DR,
patients with diabetes who had not yet developed DR and people
without diabetes [27, 28].

Metamorphopsia and scotoma: The Amsler grid is a rudimentary,
long-established method for detecting signs of visual function
deficits such as metamorphopsia and scotoma in patients with
retinal diseases. The grid is a 10 × 10 cm chart with 400 single
squares, each representing an angle of 1°. Patients are required to
fixate on a central dot and report sections of distortions, blurring
or missing lines on the grid [29]. Although the Amsler grid may
have some utility in screening for retinal disease, it does not
provide a precise, quantifiable assessment of visual function
making it ill-suited for monitoring disease progression [29, 30]. The
body of evidence supporting the use of the Amsler grid for
screening or monitoring is relatively small [31]. A meta-analysis
has revealed large variability in the sensitivity and specificity of the
Amsler grid for screening in AMD [32]. Performance of the Amsler
grid may also have been artificially boosted by the high
proportion of case-control studies identified in this meta-analysis
[32]. When monitoring established disease, the Amsler grid cannot
reliably distinguish between metamorphopsia and scotoma, is
unable to detect scotomas in almost half of eyes and is particularly
insensitive to scotomas of 6° or less [33]. The Amsler grid’s appeal
may lie in the lack of validated alternatives and the fact that it is
easy to distribute and does not cost anything to administer,
making it accessible to all patients [31]. However, despite its
relative simplicity, performing an Amsler assessment correctly—
including maintaining accurate and steady fixation, testing at an
appropriate distance and correctly conveying the percept of the
grid—can be deceptively challenging for patients [31]. Further-
more, real-world compliance with Amsler testing is poor, thus
limiting its clinical utility [31, 34–36].

Contrast sensitivity: Contrast sensitivity is expected to decrease
with the progression of retinal diseases, as neuronal dropout
reduces the available pooled responses of retinal neurons to
contrasting stimuli such as letter strokes of low-contrast letters

Table 1. Search terms used to identify the literature.

Search step Search terms Hits New papers
identified

Papers suggested by authors N/A 5 N/A

Embase search (“visual acuity” or “sight test” or “vision test” or hyperacuity).ti.ab AND
(telehealth or telemedicine or remote or “mobile application” or “smart
phone” or ipod).ti,ab AND (AMD orretinopath$ or maculopath$).ti,ab.

100 N/A

Semantic search
(www.semanticscholar.org)

remote monitoring visual function “degenerative maculopathies” (filter:
medicine)

64 2

Citation searching (https://inciteful.xyz/) Citation searching of the five key papers identified by authors in step 1 N/A 2

N/A not applicable. All searches were limited to English language publications.
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[31]. Deficits in contrast sensitivity may distinguish patients with
early-stage maculopathies, including AMD and DR, before VA is
affected. However, contrast sensitivity does not distinguish
between stages of disease progression and has little prognostic
value, meaning that it is not well suited to disease monitoring
[27, 37–39].

Hyperacuity: Hyperacuity is the ability to detect small spatial
differences in alignment, orientation, position, curvature or circle
modulations [40–42]. Of these, alignment and circle modulations
have been the focus of research efforts to develop
hyperacuity tests.
Alignment hyperacuity, also known as Vernier hyperacuity,

requires patients to identify misalignment in stimuli along vertical,
horizontal or oblique axes or to distinguish deviations in radial
forms. Unlike in VA tasks, identification of such misalignments
requires pooling of visual signals, especially for the tasks such as
radial deformation detection, from across the fovea. A large
portion of the retina must be healthy to process shapes optimally
[43]. Thus, compared with VA performance, impairment in
hyperacuity performance may indicate damage to a larger portion
of the central retina [23, 40, 42]. The Shape Discrimination
Hyperacuity (SDH) task detects early functional deficit in macular
pathology before VA is affected, with minimal interference from
normal ageing [43]. Humans with healthy vision have a high
sensitivity to detect sinusoidal distortions in circular stimuli [42].
The SDH test requires patients to distinguish a circle that is
distorted by radial modulations from perfect circles. The test
captures the minimal amplitude of radial modulation that allows
the individual to correctly identify the distorted circle [43]. Unlike
VA tests, hyperacuity tests such as the SDH test are not limited by
photoreceptor spacing and are less affected by optical filtering,
which means that the test may be more accurate than VA tests in
revealing dysfunction of the neural retina and can detect visual
disturbances that result from distortion of the photoreceptor layer
caused by fluid accumulation [43–45].

Visual field integrity: Microdot perimetry methods test photo-
receptor damage across multiple points in the visual field. Such
methods can detect localized points of damage in the retina that
may not be detected with foveal visual function assessments.
Rarebit microdot perimetry uses brief exposure to high-contrast
microstimuli to test visual field damage at numerous separate
locations on the retina and quantify photoreceptor degradation.
The proportion of missed targets reflects the extent of neural
depletion [46]. Rarebit microdot perimetry has shown promise in
identifying patients with early-stage diabetic maculopathy and
AMD [46–48].

Implementing visual function tests for remote monitoring. The
literature search identified seven app-based visual function tests,
of which four have received regulatory clearances in the USA and/
or Europe, with three in development or being assessed in clinical
studies (Table 3). Of these apps, two implement digital versions of
conventional in-clinic tests and five implement novel tests of
hyperacuity or visual field integrity.

Apps that implement digital versions of conventional in-clinic
tests: OdySight is a prescription-only app utilising gamified
visual function tests of near VA, contrast sensitivity and
metamorphopsia and scotomas. Modules include a test of near
VA based on the ETDRS, in which patients must identify the
direction of a tumbling letter E, a contrast sensitivity task based on
the Pelli–Robson chart, in which patients indicate the direction of
the Landolt C, and a digital Amsler grid, adapted so that the
typical paper grid is divided into three parts to display across a
smartphone screen. Patient scores on each test are sent to a
secure server where they are accessible to the prescribing

physician [49]. The app has been tested in 1028 participants in
two studies assessing its validity and real-world utility.
In an open-label, single-arm, prospective study, the OdySight

app was validated in a controlled laboratory setting against the
traditional physical tests that the app modules emulate. Partici-
pants (n= 78, 120 tested eyes) were recruited from the French
healthcare system and included those with and without estab-
lished eye disease (the most common diagnoses being AMD,
retinitis pigmentosa, Stargardt disease and glaucoma). All tests
were performed on iPhones at a distance of 40 cm, using an
ophthalmological chinrest, and with luminosity standardised using
a lux metre.
OdySight uses the phone’s front-facing camera to ensure that

participants complete the test at a standardised distance and
luminosity when the app is used at home. This feature was not
tested in the validation study. Bland–Altman analysis demon-
strated no disagreement between the Sloan- near ETDRS (mean
difference 0.53 letters [95% confidence interval (CI) −0.42, 1.48])
and the equivalent digital test on the app with a 95% limit of
agreement (LoA) of −9.75 to 10.82 letters. When compared with
the 4m ETDRS there was an underestimation bias (mean
difference −1.53 letters [95% CI −2.78, −0.27]; 95% LoA −15.16,
12.11). The digital contrast sensitivity (LogCS) module under-
estimated visual function by the equivalent of more than one line
on the Pelli–Robson chart (mean difference −0.16 logCS [95% CI
−0.20, −0.13]; 95% LoA 0.54, 0.22). There was no difference in the
detection of metamorphopsia or scotoma between the app-based
and the paper Amsler grid (McNemar test p= 1.0 for both
comparisons). Participants undertook a training session before
enrolment; three individuals were excluded from participating
because they were unable to correctly use the app. Nonetheless,
investigators noted some difficulties that participants had when
using the app, including trembling hands when using touchsc-
reens and difficulty understanding instructions [49]. Data on the
real-world use of the app since September 2018 have also been
reported in 950 patients who were recommended OdySight by
their ophthalmologists for chronic eye conditions, including AMD,
DR, venous thrombosis and other conditions [50]. The app has
been most commonly recommended for patients with nAMD,
which accounts for 35% of patient downloads. These patients
were also the most active users of the app. No data were reported
on whether OdySight was recommended by ophthalmologists for
the detection of disease or the monitoring of treatment regimens.
Most users (74%) of the app were aged 50–80 years, with patients
aged 70–80 years having the highest engagement rate (exact
engagement rate was not reported). However, even the oldest
patients (>80 years old) had an engagement rate of over 50%.
Three months after initiation, 43% of the overall sample and 43%
of patients aged 80 or older continued to use the app.
Verana Vision Test (previously Checkup) is a prescription-only

mobile application incorporating VA and Amsler assessments
intended for home monitoring of patients with AMD and DR. To
test near VA, the app presents a series of letters one at a time in
progressively decreasing font sizes. The patient must identify the
correct letter from a range of options presented in large font size
beneath the target letter. It also includes an Amsler grid
assessment of metamorphopsia [51]. In a prospective, single-arm
observational study with 108 participants, the app was validated
against reference tests (the Lebensohn Near Card for VA and the
paper Amsler grid for metamorphopsia) to assess test–retest
reliability in the clinic and at home. Participants with AMD, DR or
normal vision (healthy controls) attended the clinic at baseline and
at 1- and 2-month follow up [51]. During every clinic visit,
participants completed two assessments each of the app and
reference tests. Between clinic visits, participants were instructed
to use the app at least twice weekly at home. Although the mean
VA of the entire cohort was not reported, correlation plots
indicated the majority of participants had VA of 0.5 logarithm of
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the minimum angle of resolution (LogMAR) or better, which is not
representative of typical patient cohorts with late AMD (neovas-
cular or non-neovascular). Canonical correlation (rc) plots indi-
cated good correlation between the app-based and reference VA
assessment in the dominant cluster of cases with VA better than
0.5 LogMAR, while poor correlation was inferred from the limited
number of cases with worse vision (rc= 0.857). App-assessed VA
appeared to be underestimated when compared with the
reference test (slope= 0.71). Critically, when the Verana Vision
Test was compared with the reference VA, the lower LoA of 0.3
LogMAR in Bland–Altman analysis was not met. Home versus clinic
and test–retest values indicated good reproducibility (rc= 0.962
and rc= 0.901, respectively). The test–retest results were stated to
have met the upper and lower LoA in Bland–Altman analyses
(results not shown in the study publication). Bland–Altman plots,
which are not reported, are described by the authors as the most
reliable metric of agreement and were the basis of the primary
analysis for this study. A limit of 0.3 LogMAR (equivalent to three
lines on the ETDRS) is a substantial difference in visual function,
which the authors considered clinically acceptable. The app-based
and paper Amsler grid results for the presence or absence of
metamorphopsia (assessed as a binary yes/no variable) were
reported to be in strong agreement (sensitivity 93%, specificity
92%; CIs not reported). However, this binary assessment of Amsler
testing does not provide direct evidence of how well this test will
monitor disease progression. Participants reported being highly
satisfied with the app’s usability and 94% expressed an interest in
continuing to use the app if it were available. Compliance data
supported participants’ subjective reports of satisfaction, as all
patients used the app to test their vision at least twice a week for
the 3-month study duration [51].
A project that is in the early stages of development, but that has

the potential to be implemented as a tablet application, uses a
visual field test to measure central retinal sensitivity to luminance
in patients with AMD [52]. The task comprises a uniform
background and target stimuli of white dots that vary in
luminance level by increments of 1 dB. Target stimuli are
presented randomly at five locations within the central 1° radius
surrounding a central fixation point. Users indicate when they see
the targets and thresholds are obtained using a staircase
procedure. The task has been examined in two studies with a
total of 83 participants [52, 53].
In validity testing of this task, presented in the clinic on an iPad,

mean central retinal sensitivity was comparable when assessed
using the app versus microdot perimetry (25.7 dB, standard error
of the mean [SEM] 0.4 versus 26.1 dB, SEM 0.4; p= 0.094) in a
sample of 30 patients with at least intermediate bilateral AMD [52].
Further investigation of this task in a sample of patients with
nAMD being treated with anti-VEGF and a subset of at-risk fellow
eyes found it to be a feasible task for use in an elderly patient
population (n= 53, 74 eyes). Test–retest coefficients for the retinal
sensitivity task were acceptable for both treated eyes (12.3 dB, 53
eyes) and fellow eyes (10.2 dB, 21 eyes). In treated nAMD eyes, the
task was able to detect changes in retinal sensitivity as they
related to underlying pathological changes of presence of
atrophy, retinal pigment epithelium disruption and absent
ellipsoid zone. In at-risk fellow eyes, retinal sensitivity changes
were also associated with the presence of drusen. This task would,
therefore, be suitable for monitoring disease progression in
patients being treated with anti-VEGF and for detecting new
disease onset in fellow eyes [53].

Apps that implement novel tests: The Home Vision Monitor
(HVM) app utilises the SDH test, a prescription-only software-
based medical device intended as an aid for monitoring disease
progression in patients with macular pathology. HVM has been
granted Food and Drug Administration (FDA) clearance in the
USA, under its previous name myVisionTrack®, and is Conformité

Européenne (CE)-marked in Europe. The SDH test is intended for
the detection and characterisation of the central 3° metamor-
phopsia in patients with macular pathology, including those with
AMD or DR, and as an aid in monitoring progression of disease
factors causing metamorphopsia [54]. The current SDH test
presents the user with four circles as stimuli, one of which is
radially distorted, and asks the user to identify the distorted
stimuli by touch (a four-alternative, forced-choice task) [55]. As the
test progresses, the extent of radial distortion is reduced in a
stepwise manner and a hyperacuity threshold measured in
LogMAR is calculated based on the lowest detected level of
distortion [56]. From its initial development as desktop software,
the SDH has been adapted for patient-directed use on a handheld
device (tablet or smartphone) and refined over time from a two-
shape to four-shape alternative forced-choice test [24, 43, 55]. In
the literature identified in this review, the SDH test has been
tested in 1346 participants in 11 cross-sectional, prospective or
real-world studies [43, 55–64]. These studies have addressed the
reliability, convergent validity and performance of the test in
distinguishing disease states and stages, and the real-world utility
of the app.
In validity testing of the two-shape, desktop SDH test, SDH

scores were significantly impaired in patients with early AMD
(n= 20) compared with healthy controls (n= 10), even in the
absence of VA deficit [43]. In a study of healthy volunteers (total
n= 186), there was no significant variability between multiple
tests taken within a single session (n= 74; mean [standard
deviation (SD)] test difference= 0.02 [0.12] LogMAR) or between
tests taken weeks (n= 30; mean [SD] test difference= 0.04 [0.2]
LogMAR) or years (n= 15; mean [SD] test difference= 0.04 [0.18]
LogMAR) apart, indicating good test–retest consistency over time.
This study also examined alternative versions of the SDH test
using a three-alternative and four-alternative forced choice
(n= 106): both versions of the task had similar thresholds for
detection of radial distortions [55]. The test–retest reliability of the
SDH test has been confirmed in a sample of patients with AMD or
DR (n= 44), with an average test variability of SDH measurements
over 6 months of 0.098 LogMAR in eyes without clinical disease
progression [62].
Concerning performance, when examined in a sample of nine

eyes with nAMD and 24 eyes with high-risk moderate AMD, the
SDH test had 88.9% sensitivity (95% CI 56.5, 98.0) and 79.2%
specificity (95% CI 59.5, 90.8) for differentiating between disease
states [64]. In a sample of patients with AMD (n= 37) and DR
(n= 36), and healthy controls (n= 27), SDH test performance
significantly discriminated between healthy controls and early,
intermediate and advanced AMD (one-way analysis of variance
[ANOVA], p < 0.0001) and between healthy controls and mild-to-
moderate non-proliferative DR (NPDR), severe-to-very severe
NPDR or pre-proliferative DR, and proliferative DR or NPDR
affecting the fovea (one-way ANOVA, p < 0.0001). This study also
found that SDH values significantly correlated with VA in eyes with
AMD (r= 0.69, p < 0.0001, slope of 0.95) and eyes with DR
(r= 0.66, p < 0.0001, slope of 0.75), and that declining SDH
performance was associated with increasing central subfield
thickness (r= 0.58, p < 0.0001) [24]. In a prospective, observational,
longitudinal study of 179 patients with unilateral nAMD being
treated with anti-VEGF, healthy fellow eyes were assessed using
routine clinical assessment (OCT, VA assessment, dilated slit- lamp
assessment) and the SDH test. In an analysis of the diagnostic
performance of SDH in detecting new onset of nAMD in fellow
eyes, the receiver operating characteristic (ROC) curve demon-
strated that at a cut-off of –0.60 LogMAR, sensitivity was 0.79 (95%
CI 0.54, 0.94) and specificity was 0.54 (95% CI 0.46, 0.62) [59]. A
cross-sectional investigation of the predictive value of SDH in a
sample of patients with early or intermediate AMD and healthy
controls (n= 125) found SDH performance to be significantly
associated with intermediate AMD, with a relative risk ratio of 2.34
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(95% CI 1.24, 4.44) versus healthy controls and 1.82 (95% CI 1.04,
3.21) versus early AMD [58]. In a sample of 39 patients with
bilateral intermediate AMD, mean SDH threshold was higher in
eyes with large drusen and retinal pigment abnormalities than
eyes with large drusen only (−0.40 ± 0.04 versus −0.61 ± 0.02;
p= 0.001) despite there being no differences in VA between these
groups [60]. Such results support SDH use in monitoring disease
status to detect onset of new disease.
As part of an ongoing longitudinal study, 33 patients with DMO

used the app alongside their usual anti-VEGF treatment. Clinical
improvements, as judged by the treating retinal specialist, were
accompanied by improvements in SDH at 3 and 6 months after
initiating anti-VEGF treatment. These results suggest that the SDH
test can detect improvements in disease status as a result of
treatment and is, therefore, suitable for monitoring treatment
outcomes [61]. In a prospective, single-arm, open- label pilot
study, 160 patients with nAMD used HVM daily at home and
during routine clinic visits for 16 weeks to assess the app’s
usability and acceptability. Patients were encouraged to use the
SDH test daily at home with no upper limit on testing frequency.
Mean compliance (the proportion of days in which an HVM
assessment was performed) was 84.7%. An average of 77.8% of
patients used HVM on at least 80% of days and over 95% of
patients tested at least weekly. In a patient survey, 92.5% of
patients reported that the app was easy to use, with only one
patient reporting difficulties in understanding how to operate the
app [56].
In the first year of the COVID-19 pandemic, the HVM app was

deployed at scale at a major tertiary care ophthalmology centre.
Patients attending the clinic for anti-VEGF treatment for nAMD,
macular retinal oedema caused by DMO or retinal vein occlusion,
or another condition (n= 417) were prescribed the HVM app and
instructed to self-test their vision twice weekly [57]. Uptake,
defined as the patient installing the app and using it at least once,
was favourable, with an uptake rate of 62% (258/417 patients).
Compliance was also high: 64% of active users (166/258 patients)
met the criteria for compliant use (any continuous period of at
least 4 weeks in which the patient used the app at least twice
weekly). Mean (SD) use rate of the app was 1.83 (2.46) uses per
week at week 4. Almost all patients (92.3%) gave a satisfaction
rating of 3 or more out of 5. Similarly, patients reported that app
use met their expectations (80.3% rating 3 or higher). Most
patients would recommend the app to others (88.5%) and found
the app easy or very easy to use (98.3%). The majority of patients
(69.9%) reported a high level of comfort in using digital
technologies, and this comfort level was strongly associated with
greater patient engagement [57].
An ongoing longitudinal, real-world study (MONARCH)is inves-

tigating the ability of a number of tests, including HVM, to detect
reactivation of nAMD. Patients will use HVM for at least 12 months,
alongside their routine care, and self-monitoring assessments will
be compared against the reference standard of diagnosis of active
disease [65].
The Hyperacuity App is an iPad app intended to quantify visual

defects that indicate progression of nAMD [22]. The app uses a
hyperacuity task in which patients must identify modulations on a
straight line. A vertical or horizontal line is presented on screen
and the user must identify the location of an arced distortion
presented on the line for 200 ms. Some trials are randomised to
have no distortion. Between trials the patient must select the
centre of the blank screen to refocus the fovea on the centre. A
user score is generated based on a grading system optimised to
detect errors in distortion perception. The authors did not provide
any further details about this grading system. In a cross-sectional
study of 33 patients (53 eyes) with AMD of any stage, the app had
sensitivity of 92.3% (95% CI 62.1, 99.6) in distinguishing between
patients with dry AMD and those who did and did not require
treatment for nAMD, as determined by an OCT exam (sensitivities

were the same across all group comparisons). The app had
specificity of 61.5% (95% CI 44.7, 76.2) in distinguishing between
patients who required treatment for nAMD and those who did not
(stable nAMD or dry AMD). Specificity was 43.8% (95% CI 20.8,
69.4) for detecting nAMD that did and did not require treatment
and 73.9% (95% CI 51.3, 88.9) for differentiating between nAMD
requiring treatment and dry AMD. Scores on the app were
positively correlated with VA assessed with a Snellen chart, with
unranked Pearson/Spearman correlations being 31.52%, 32.04%
and 57.10% for dry AMD, nAMD not requiring treatment and
nAMD requiring treatment, respectively. App scores were also
significantly higher in eyes with higher retinal pigment epithelium
irregularity as graded by OCT exam (one-way ANOVA, p < 0.0001).
Three patients were excluded before testing as they were unable
to use the iPad. On completion of testing, 90.9% of patients rated
the test as being easy to use [22].
Alleye is a CE-marked and FDA-cleared mobile app indicated for

monitoring of disease progression in patients with AMD via the
detection and characterisation of metamorphopsia using a
monocular alignment hyperacuity task. The app is available
without prescription for patients to use on their own smartphones.
Users are required to align a mobile central dot with two fixed
flanking dots to form a straight line. The task is repeated three
times with differing distances between the fixation and flanking
dots in the horizontal, vertical and oblique axes. The task applies a
similar principle to detect metamorphopsia as the Amsler grid but
ensures that the fovea remains fixed on the central fixation point.
While the user fixates on the central point, the test examines the
areas of the macula where the flanking dots are presented. Unlike
the Amsler grid, this task is able to give a quantitative measure of
visual function [23].
Alleye has been tested in two studies examining diagnostic

performance and real-world utility (n= 874). In a cross-sectional,
in-clinic investigation of the diagnostic accuracy of Alleye, patients
with varying degrees of AMD (89 eyes) and healthy controls (53
eyes) self-administered Alleye tests following a routine ophthal-
mological examination. The app had good diagnostic perfor-
mance in discriminating between patients with nAMD and age-
matched healthy controls (area under the ROC curve [AUC]=
0.845, 95% CI 0.759, 0.932) and in discriminating between nAMD
and AMD without choroidal neovascularisation (AUC= 0.660, 95%
CI 0.520, 0.799), making it suitable for detection of new disease
onset [23].
The real-world utilisation of Alleye has also been examined in

the context of disruption to in-person clinic visits caused by the
COVID-19 pandemic. In an observational study, patients at a
specialist retinal clinic were offered use of self- monitoring in place
of deferred clinic appointments during the Singapore lockdown
period. Owing to the extenuating circumstances of lockdown,
patients were not given any in-person training with the app and
were instead invited to participate via SMS text messaging.
Patients had a variety of diagnoses, including AMD, DR, DMO,
retinal vein occlusion and other retinal pathology. Uptake and
compliance with self-monitoring were both low. Of 2774 patients
who were contacted, only 26% (732 patients) signed up for self-
monitoring. Of those signing up, 43% (315 patients) used the app
at least twice weekly and were defined as compliant. Younger
patients and those living with family or friends were significantly
more likely to sign up for home monitoring (both p values < 0.05).
Compliance was highest in patients with AMD, particularly those
who had already lost substantial vision in their worse-seeing eye,
suggesting greater motivation for self-monitoring in patients with
experience of vision loss that requires active treatment and
monitoring.
The low uptake and compliance in this sample emphasise the

importance of comprehensive support in introducing patients to
remote monitoring and training them in the use of apps. Among
patients who were compliant in their app use, there were 33
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trigger events indicating potential disease progression (defined as
three test scores at least 25 points below the patient’s reference
score). Of these triggers, 79% were attributed to incorrect app use,
including testing of the wrong eye, not testing at the prescribed
interval and patient-reported difficulties in using the app. Of the
remaining seven triggers, patients were given urgent clinic
appointments and 5/33 (15%) of the total triggers were confirmed
as disease progression. In the sample of 315 compliant users, this
translated to a false positive rate of 9% and a true detection rate of
1.6%. The authors asserted that they considered this false positive
rate to be acceptable in the context of allowing deferral of
appointments in the 89.5% of patients who did not have a trigger
event during the study [66].
The MultiBit Test (MBT, previously DigitStep) utilises rarebit

perimetry to examine the degree of disease severity in patients
with AMD. In this task, multiple rarebit stimuli are presented in a
pattern to form segmented numerical digits. The stimuli are
presented with a varying number of rarebits per segment (RPS),
until the minimum number of RPS required for pattern identifica-
tion is found. Users with greater degrees of receptor loss in the
neuroretinal field require a greater number of RPS to identify the
stimuli [25]. Two studies with 110 participants have examined the
convergent validity and diagnostic performance of the MBT. In
initial in-clinic testing of the desktop version of the task in patients
with drusen, dry AMD and nAMD, and healthy controls (n= 62),
the MBT had an estimated sensitivity of 91% (AUC= 0.95, 95% CI
76, 94) at 90% specificity for detecting presence of disease. In
distinguishing between dry AMD and nAMD, the MBT had an
estimated sensitivity of 64% (AUC= 0.71, 95% CI 34, 83) [25]. The
MBT was subsequently adapted as an app for use on iPhones and
iPads and trialled in a longitudinal pilot study in patients with
varying degrees of nAMD and healthy controls (n= 48) over an
average of 39 weeks. MBT assessments showed good concor-
dance with disease progression as assessed by clinical examina-
tion (kappa= 0.41 [95% CI 0.29, 0.53]). MBT scores remained
stable during times of clinical stability, improved following
successful anti-neovascular treatment and deteriorated during
times of clinical recurrence [48]. The MBT is also currently under
large-scale longitudinal investigation as part of the MONARCH trial
to estimate the accuracy of the MBT and other apps as home
monitoring tools for detecting the reactivation of nAMD [65].

DISCUSSION
This review aimed to identify and examine extensively the latest
evidence on the reliability, validity, performance and clinical utility
of remote monitoring mobile technologies that could be used to
monitor disease status and progression in patients with existing
macular pathology. Numerous promising apps for remote
monitoring of visual function are in development or already
available to patients and clinicians. Remote monitoring vision tests
offer the potential to detect early signs of disease progression
occurring between clinic visits and help identify the patients who
need to be seen in-person. However, apps must be capable of
detecting subtle changes in visual function, and they must be
simple and easy to use. These are prerequisites for acceptance and
use by healthcare providers and by patients, many of whom will
be elderly and have impaired vision.
For patients with macular pathology, there is an unmet need to

improve monitoring paradigms to reduce burden on patients and
identify disease progression in a more efficient manner. While
digitising conventional in-clinic tests, such as VA charts and the
Amsler grid, will make them more readily available, doing so does
not address their inherent limitations when performed in the clinic
[27, 28, 31]. However, evidence indicates that quantitative tests
that assess hyperacuity or visual field damage, which are not
dependent on the limits of resolution acuity, could be more
sensitive than VA and Amsler grid measures to differentiate the

stages of disease, including pathologies that warrant treatment,
such as nAMD [23, 24, 46–48]. Although it should be noted that
visual field testing may be sensitive to refractive error and the
presence of cataracts [67, 68]. The small, but growing, body of
literature examining the use of remote monitoring for patients
with maculopathies indicated good acceptability to patients and
confirmed the general feasibility and validity of the remote
monitoring approach. Already, at least two clinical teams have
been able to implement remote monitoring during the COVID-19
pandemic [57, 66]. A central benefit of remote monitoring
technologies is that they can be widely accessible for large
numbers of patients. High rates of smartphone ownership mean
that remote monitoring can be rolled out to the substantial
population who are at risk for macular pathology with little or no
upfront cost for the patient. Although hardware-based home
monitoring systems for retinal health do exist—for example,
ForeseeHome (Notal Vision Inc., Manassas, VA, USA), a preferential
hyperacuity perimetry task used to detect conversion in patients
with AMD [69]—such devices are unlikely to have the same reach
as mobile-based applications. These hardware-based devices will
be less able to address the short-term need for remote
monitoring, accelerated by the COVID-19 pandemic, and longer-
term needs related to the advent of treat-and-extend protocols
and longer-lasting therapies.
Although this review has identified a growing body of research

concerning the application of mobile technologies for monitoring
macular health, the current evidence base is limited in its maturity
and the extent of supporting evidence varies widely between
apps. Some apps have amassed considerable patient numbers,
and the SDH test has been investigated in numerous studies
spanning the basic science underpinning the development of the
test, cross-sectional investigation and real-world implementation.
In contrast, other apps have only been tested in one or two
studies with relatively few participants and provide supporting
evidence on only a select number of indicators of task validity
(Table 3). The majority of studies have been cross-sectional. The
evidence base for all apps is currently lacking the robust
prospective data needed to truly determine the predictive value
of remote monitoring apps, and limited long-term follow-up has
made it difficult to accurately determine the true role of remote
monitoring in managing disease progression and improving
patient outcomes. Most apps have only been tested in feasibility
and validation studies. Performance data on the sensitivity and
specificity of apps are currently very limited and none have been
gained from real-world studies in which apps are used as intended
in clinical practice; generating such data should be a priority focus
for future studies. Physicians need to be confident that patients
with disease or without disease are correctly identified so that
additional burden is not placed on clinics and patients – if a
patient is called into the clinic it must be warranted, and if a
patient is not called into the clinic it must be because disease or
additional disease progression is truly absent. To instil this
confidence, real-world, pragmatic studies are needed, in addition
to validation studies. The fact that validation studies are the
dominant source of data also means that clinicians cannot yet
gain a clear sense of whether these apps are most appropriate for
use in detecting new disease onset, and thus initiating prompt
treatment, or for ongoing monitoring of disease progression in
order to detect reactivation of stable disease and tailor anti-VEGF
treatment regimens. Furthermore, the studies identified in this
review have examined a varied patient population representing
numerous pathologies, including DMO, AMD and other chronic
eye conditions. There is currently little directly comparable
research across or within apps with which to establish the stability
of test performances for any given pathology.
A further benefit of additional real-world studies will be to

assess any hardware limitations arising when apps are used on
patients’ personal devices. Many of the existing studies of remote
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monitoring apps provided participants with new mobile devices,
or developed apps for use with specific technical specifications
(e.g., Apple retina display [48]). Although some apps include
features that measure and control ambient light or screen
luminance [48, 49], they cannot control for hardware factors, such
as screen damage, and not all apps include such features. Results
may differ when apps are used on patients’ personal devices,
which are likely to vary in age and specification. In addition,
patients may encounter device compatibility issues when using
older devices, potentially impacting adherence and persistence.
Many validation studies used controlled conditions when testing
apps, including specifying testing distance and room lighting.
Such conditions will be out of researchers’ control in a real-world
setting, and even in those apps that have built-in controls (e.g.,
OdySight) these have not yet been reliably tested.
These early studies have highlighted gaps yet to be addressed

when serving the needs of patients with degenerative maculo-
pathies. Most studies have excluded patients with certain
neurological and psychological comorbidities such as dementia
and Parkinson’s disease: conditions that are likely to occur with
some frequency in these elderly patient groups. Such exclusions
highlight the fact that remote monitoring will not be a feasible
option for all patients and cannot fully replace traditional
methods of clinical monitoring. Despite studies reporting
positive usability data and favourable responses from patients,
researchers have noted the possible difficulties of introducing
some patients to digital technologies. It should be noted that
studies reporting usability or patient satisfaction data are in the
minority, and only one reports rich qualitative data on patient
experience [70]. Data from the MONARCH study, obtained from
semi-structured interviews, has shown home monitoring meth-
ods to be acceptable to patients with nAMD and their caregivers
[70]. Obtaining further data of this kind will allow greater
understanding of how remote monitoring technologies can be
developed and implemented to best meet patient need and
maximise engagement. Clinicians should consider that not all
patients will be familiar with the use of mobile apps. In
particular, the results reported by Chong Teo et al. when
implementing remote monitoring to replace appointments
deferred during a COVID-19 lockdown emphasise the need to
support patients in accessing and engaging with apps [66].
Finally, no cost-effectiveness data were identified for any of the

apps included in this review. Once the clinical value of remote
monitoring has been established, the next step to ensure
completeness of the evidence base will be to investigate cost-
effectiveness when used in real-world practice. Unacceptable
costs will be a barrier to adoption of technologies that are
otherwise effective and acceptable to clinicians and patients.
To address the limitations identified in this review, the field of

remote monitoring research must progress and expand. Of the
seven apps identified in this review, four have received some
form of regulatory clearance. To ensure confidence among
clinicians in the use of remote monitoring, it is important that
apps are developed to the rigorous standards of clinical testing
necessary to confirm clinical validity and meet requirements for
obtaining regulatory approval. For clinicians to have confidence
in the performance and clinical utility of remote monitoring for
patients with macular pathology, studies establishing the
sensitivity and specificity of novel tests and further longitudinal
studies of remote monitoring as used in real-world clinical
practice are required. Careful consideration should be given to
supporting patients in downloading and using apps during
future research into, and roll-out of, remote monitoring
technologies to minimise digital exclusion and maximise the
reach of remote monitoring methods.
Although anti-VEGF therapies remain the treatment standard

for patients with macular pathology, several novel therapies and
delivery mechanisms are in development or have been recently

approved that will allow for greater extension of treatment
interval and reduction in overall number of clinic visits [71–76].
Technologies such as remote monitoring can be used to further
reduce monitoring burden and support the implementation of
novel therapies by providing a reliable ‘safety net’ in the extended
period between treatment visits. When used together, remote
monitoring and longer acting therapies have the potential to
enhance the value of one another and provide substantial
advances in patient care. Growing the research into remote
monitoring methods alongside the development of these novel
treatments will hopefully result in robust, evidence-based solu-
tions that reassure patients and physicians between clinic visits
and ensure that remote monitoring techniques can be fully
integrated into treatment pathways as soon as new therapies are
available.

Summary
What was known before

● Numerous apps for remote monitoring of visual function are
in development or already available to patients and clinicians.

● Remote vision monitoring has the potential to detect early
signs of disease activity or re-activation and thus contribute to
prompt initiation of treatment or identify patients requiring
earlier in-person clinic visits.

● Wide-spread adoption of home vision monitoring apps
requires that they are able to detect subtle changes in visual
function and are acceptable and easy to use, particularly for a
vulnerable patient population with age-related macular
degeneration.

● There is a growing body of literature generating evidence on
the sensitivity and specificity of home vision monitoring apps
to detect changes in disease activity.

● The level of evidence is variable across different apps and
visual function metrics, with shape discrimination hyperacuity-
based apps having been more extensively assessed.

What this study adds

● The level of evidence is limited in its maturity and the extent
of supporting evidence varies widely between apps.

● Most evidence originates from feasibility or validation studies
with limited follow-up. More robust evidence exists for a
minority of apps spanning basic research, feasibility, validation
and real-world studies with longitudinal follow-up.

● Pragmatic real-world studies with longer follow-up periods
assessing the performance of such apps in their intended
clinical environment should be prioritized in order to provide
confidence to patients and clinicians on the utility of these
technologies.

● Only two real-world studies have so far been conducted
demonstrating the feasibility of deployment at scale, as well as
the challenges around usability and the need to mitigate
against risks of digital exclusion.

● The reported positive usability results is caveated with the
need to expand inclusivity for all patient populations, with a
significant proportion of patients encountering challenges in
independent use of the apps.

● One study presented rich qualitative data on factors influen-
cing the usability of home vision monitoring apps; further
such work will be crucial for devising strategies to maximize
digital inclusion.

● Seven apps were identified in this review, of which four have
some level of regulatory approval.

● For emerging technologies, validation studies are warranted
to fulfill regulatory requirements and real-world
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implementation studies are essential to generate confidence
in patients and clinicians and address identified barriers to
usability.

● The advent of longer-lasting treatments for common retinal
disease alongside use of robustly validated apps and
thoroughly assessed for usability has the potential of
providing a “safety net” for patients while reducing the
frequency of hospital appointments.
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