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Purpose: The purpose of this study was to evaluate the potential feasibility of using a
smartphone app in myopia screening.

Methods: The app estimatesmyopic refractive error bymeasuring the far point distance
for reading three 20/20 Tumbling E letters. In total, 113 myopic subjects with astigma-
tism no greater than−1.75 diopters (D) were enrolled from 5 sites. Themean agewas 22
±8.5 years. The appmeasurementwas comparedwithnoncycloplegic subjective refrac-
tionmeasurement or autorefractor if subjective refractionwas not available. In addition,
22 subjects were tested with the app for repeatability.

Results: For 201 eyes included, the range of spherical equivalent refraction error was
0 to −10.2 D. The app measurement and clinical measurement was highly correlated
(Pearson R = 0.91, P < 0.001). There was a small bias (0.17 D) in the app measurement
overall, and itwas significantly different across the 5 sites due to different age of subjects
enrolled at those sites (P = 0.001) – young adults in their 20s were underestimated the
most by 0.49 D, whereas children were overestimated by 0.29 D. The mean absolute
deviation of the app measurement was 0.65 D. The repeatability of multiple testing in
terms of 95% limit of agreement was ±0.61 D.

Conclusions: Overall, the app measurement is consistent with clinical measurement
performed by vision care professionals. The repeatability is comparable with that of
some autorefractors. Age-associated human factors may influence the app measure-
ment.

Translational Relevance: The app could be potentially used as a mass screening tool
for myopia.

Introduction

Globally, myopia has reached epidemic propor-
tions.1 In certain East Asian countries, more than half
of the population is now myopic.2–4 By 2050, more
than half of the world’s population is predicted to
be myopic, and 10% of myopic individuals will have
high myopia (refractive error ≤ −5 diopters [D]).5

This is a cause of concern because myopia is associ-
ated with an increased risk of glaucoma,6,7 cataract,8
and retinal detachment.9 Further, high myopia can
lead to pathological myopia, which is associated
with significant vision impairments not correctable
with refraction and risk of permanent vision
loss.10,11

Identifying early stage myopia in children and
adolescents is a critical measure in mitigating the
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myopia epidemic. This requires (1) the ability to screen
a large number of children efficiently and (2) the ability
to monitor myopia progression in a timely manner.
The primary barriers to implementing myopia control
measures are limited access to vision testing and limited
eye care resources relative to the affected population of
children. Mass screening of children is very challeng-
ing, especially for geographically large and diverse
countries. Subjective professional refraction procedure
for vision prescription is time-consuming and imprac-
tical for mass screening purposes. Utilizing autorefrac-
tors can more efficiently screen a given pool of poten-
tially myopic individuals,2,12 but such programs can
hardly cover all the population with the risk of myopia
progression.

In addition, there is a huge need for measuring
refractive error among adults in areas lacking vision
care. Uncorrected refractive error (URE), although it
is treatable, is the leading cause of visual impairment
globally.13 About 116 million people are unnecessar-
ily suffering from moderate and severe vision impair-
ment due toURE.14 Studies have shown that the preva-
lence of URE is primarily driven by the low number of
professionals and the lack of an adequate health infras-
tructure to make eye care obtainable in remote areas.13
For instance, in Sub-Saharan Africa, where there are
only 2.5 eye doctors per million people (global mean
is 31.7),15 the prevalence of blindness due to URE
among adults aged above 50 years was estimated to be
10 times higher than that in high-income countries.16
Relying on the limited number of eye care profes-
sionals is not feasible to address the public health
issue of URE in low-income countries and rural
areas.

A strategy to address the mass screening problem
may be recruiting nonprofessional personnel, such
as school nurses, teachers, parents of students, and
community healthcare workers. If they can be offered
low cost, widely available, and validated tools for
measuring refractive errors, they could make a strong
working force to help accomplish the mass vision
screening mission. Such an initiative was launched
before using a low-cost refractometer for vision screen-
ing in refugees.17 Leveraging the latestmobile technolo-
gies in the digital era, we have developed a smartphone
app to allow lay persons to measure refractive error,
with minimal training and instruction. Compared to
other mobile applications for refractive error measure-
ment, such as Netra,18 a feature of our app is that
it does not require any optical attachment, and uses
the phone camera and screen only, making the app
potentially more accessible simply through download-
ing. With a piece of software, there would be no issue
related to hardware manufacturing, storage, distri-

bution, and maintenance. Returning to the example
of Sub-Saharan Africa, where disruptive vision care
programs are needed, the region has about 237 million
smartphone users in 2020.19 There are smartphone
users in most communities. Ease of access to screen-
ing tools is crucial for successfully recruiting of many
lay people to join the work force of mass screen-
ing in rural areas. Our standalone app can work
without wireless data connection once it is installed
via WiFi or wireless network. Considering the fact
that low-cost Android phones are very popular in
low- and middle-income countries, we have developed
an Android version of the screening app, which was
evaluated in this study. With these efforts, we try to
create a tool suitable for hard-to-reach, low-income
areas.

This study evaluates the app’s accuracy against
conventional clinical methods of refraction measure-
ment, as the first step to validate this smartphone app’s
potential for mass screening.

Methods

Refraction App

The app estimates refractive error in terms of
spherical equivalent (SE) diopter by measuring the
far point for three 20/20 Tumbling E letters.20 In
the course of measurement, the experimenter moves
the phone screen toward the subject and verifies the
responses. The angular size of the letter on the screen is
maintained at 20/20 in real time based on the distance
(Fig. 1), which is sensed using the selfie camera by
the app based on facial features, such as interpupillary
distance. If the subject can read at least two out of the

Figure 1. Interface of the refraction measurement app. The selfie
camera captures the live images of the participant’s face for distance
estimation. Three Tumbling E letters remain 20/20 size regardless of
the viewing distance. The participant uses an occluder or fingers to
cover one eye. After the participant reports the orientations of those
letters, the tester clicks the VERIFY button to reveal the truth. If two
of the three letters are correct, the tester concludes the testing and
obtains the result of refraction error measurement.
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three randomized letters correctly, the testing for one
eye is finished and the refractive error is calculated as
the reciprocal of the distance. If the subject’s incorrect
responses are more than one letter for a distance, the
experimenter will move the phone screen closer to the
subject and repeat the examination.

Subjects

Subjects were enrolled at 5 sites: (1) Massachusetts
Eye and Ear Infirmary, (2) New England College
of Optometry, (3) the First Hospital of Urumqi, (4)
Shanghai Eye and ENT Hospital, and (5) Boston
Children’sHospital. Inclusion criteria were: 6 years and
older, presence of myopia in at least one eye, astigma-
tism no greater than −1.75 D, and no known ocular
condition other than refractive error, such as cataract,
macular degeneration, and glaucoma. In total, 201
eyes of 113 subjects were included. The mean age of
our subjects was 22 ± 8.5 years ranging from 6 to
62 years and 67.2% were women. The races of the
subjects included Hispanic (4%), Black (3%), Asian
(60%), White (19%), and other/declined (13%). Out
of the 113 subjects recruited for this study, 22 partic-
ipated in a repeatability experiment, in which each
eye of the enrolled 43 eyes was tested with the app
5 times. The mean age of these subjects was 22.7 ±
7.5 years, ranging from 7 to 35 years, and 63.6% were
female subjects. In this study, the subjects were tested
without eye dilation using the app and standard clinical
methods, which included subjective refraction testing
for 65.5% of subjects and autorefraction for the rest of
the subjects.

This study received a single institutional review
board (IRB) approval reviewed by Massachusetts Eye
and Ear’s IRB for the three study sites in Boston,
as well as the Shanghai ENT and the First Hospi-
tal of Urumqi’s IRBs. The study was conducted in
accordance with the tenets of the Declaration of
Helsinki.

Testing Procedure

After consent or parental consent were obtained,
qualified clinicians performed standard noncycloplegic
refraction. The measurement started with autorefrac-
tion or retinoscopy, followed by subjective refraction
using phoropter/trial frame. Some participants (33 out
of 113) did not receive subjective refraction because
the testing could not be fit into the routine clinical
procedure. For those participants, the autorefractor or
retinoscopy measures were used. In this study, eyes
with astigmatism more than −1.75 D were excluded.
This threshold was determined based on a pilot study,

in which we observed that the 5% largest errors were
associated with astigmatism more than −1.75 D.

When using the app to measure refraction, the
operator first placed the phone screen at least 2 meters
away from the subject, to ensure the far point would
not be missed. Starting from 2+ meters, the operator
moved the phone toward the patients, at a speed gradu-
ally slowing down. If theirmoving speedwasmore than
0.5 D per second, a new, random set of letter stimuli
would be shown, which reminds them to slow down.
The testing was concluded if at least two out of three
letters could be read correctly. Each eye was tested only
once for comparison with standard clinical measure-
ment.

Statistical Analysis

Linear regression and ANOVA were used to
compare the app measurement against clinical
measurement, and across different sites. SPSS software
(version 24; IBM) was used for all statistical analyses.

Results

Based on standard clinical measurement, the SE
refraction error in the 201 eyes ranged from 0 to
−10.2 D. The median (interquartile range [IQR]) was
−2.88 D (IQR = −1.63 to −4.5), and 95% were below
−6.75 D. The IQR of astigmatism was 0 to −0.75 D.
In other words, 25% of eyes had astigmatism higher
than −0.75 D. Figure 2 shows the refraction error
measure by the app as compared to the standard clini-
cal measure. The two measures are highly correlated

Figure 2. Spherical equivalent refraction measured by app versus
standard clinical methods.
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Figure 3. The differences between app and clinicalmeasurements,
aka, app measurement error, were different across sites. Positive
values indicate underestimation. The mean age of participants for
each site is shown on the plot. The sites are sorted in the order of
mean age. Error bars represent standard error of mean. There seems
to be a nonlinear pattern of age effect on the app measurement
error.

(Pearson R = 0.91, P < 0.001). Overall, the standard
deviation of app measurement error was 0.83 D, and
the mean absolute deviation (error) was 0.65 D.

The median IQR SE refraction error at sites 1
through 5 was (1) −3.75 D (IQR = −2.75 to −5.13),
(2) −2.69 D (IQR = −1.03 to −4.78), (3)−3.50 D
(IQR = −2.53 to −4.84), (4) −2.63 D (IQR = −1.50
to −3.97), and (5) −2.34 D (IQR = −2.03 to −3.44),
respectively. It was found by one-way ANOVA with
Bonferroni correction that the app measurement error
was significantly different across the sites (P < 0.001,
F4,197 = 6.1). In Figure 3, the app measurement errors
at the 5 sites are plotted in the order of mean age of the
participants at those sites. The order was determined
in the data analysis phase, not predetermined during
subject recruitment. The difference in subject sources at
those participating sites led to the difference in the age
range. Figure 3 shows that the refraction was slightly
overestimated for the oldest group at site 1 by 0.17 D
and the youngest group at site 5 by 0.27 D, whereas the
refraction was slightly underestimated for the rest of
the participants at site 2 by 0.49 D, site 3 by 0.37 D,
and site 4 by 0.17 D. As this seems to show a nonlin-
ear pattern of age effect on the app measurement error,
a univariate ANOVA was conducted with the partici-
pants from site 1 excluded (n = 17). Age and astigma-
tism were included as two covariates. It was found that
age was a significant factor (P = 0.001, F1,169 = 10.9),
but astigmatism was not (P = 0.603, F1,169 = 0.27).

The repeatability testing result based on 43 eyes is
shown in Figure 4, in which each data point is the
deviation of a measure from the average of repeated
measures for each eye. The standard deviation of the

Figure 4. Repeatability of appmeasurement for 43 eyes. Each data
point represents the deviation of a measure from the average of
repeated measures for each eye. Dashed lines represent the 95% of
limits of agreement.

variation was 0.31 D. The 95% of limits of agreement
(i.e., 1.96 standard deviation) was ±0.61 D.

Discussion and Conclusion

This preliminary study showed that myopic refrac-
tive error measurement with the mobile app was highly
correlated with clinical standard measurement, up to
−10 D (95% below −6.75 D), for eyes that did not have
too strong astigmatism (less than 1.75 D). The app was
used by different operators at 5 sites on subjects across
a wide age range from 6 to 62 years. The overall bias
was only 0.17 D underestimation, indicating the app
measurement was quite accurate overall.

Although the bias varied across different sites,
this difference was probably driven by the age of
the participants at each site. Unlike autorefractor
and retinoscope, which measure refraction objectively
based on optical images, the app measures refraction
by testing a subject’s visual performance, which can
be influenced by multiple factors rather than dictated
by ocular optics alone. Different experience in vision
testing, accommodation, and testing behavior related
to age could impact visual performance in the app
measurement. For instance, the participants at site
2 were all young (age 20s), experienced optometry
students, who had participated in many practices and
vision studies and therefore could guess the letter better
than the other participants. Because the passing crite-
rion was only two out of three letters, there may be
a good chance the testing finished prematurely before
the viewing distance reached the true far point. Conse-
quently, their refraction error was underestimated the
most. Similarly, the young adults at other sites might
be underestimated to a certain extent because they
had gone through vision tests since their young age.
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Presumably, such an underestimation bias associated
with experience can be eliminated by testingmore trials.
On the contrary, the participants at site 5 included
mostly young minors, who can be accommodating
variably to the target. Proximal accommodation (i.e.
knowing that the object is close) and variable size of
the target could influence ability to sustain clarity.21
Consequently, the far point they reached in the test
might be relatively closer than that in standard condi-
tions, in which the fogging technique in subjective
refraction and landscape pictures in autorefractors are
used to control accommodation. Thus, the app could
overestimate their refraction error. Furthermore, the
young minors, who are often less compliant than older
patients, might delay in reporting when they saw the
letters clearly. Hence the stopping distance would be
shorter than the actual far point distance, resulting
in overestimation. The speculations discussed above
may explain the significant age effect found in this
study when the data for young adults and minors are
combined.

The oldest participant group at site 1 seemed to
behave differently. Overall, they were overestimated by
merely 0.17 D, which is smaller than prescription toler-
ance of 0.25 D. Unlike young participants in their 20s,
they probably did not want to respond until they could
see the letters with confidence. Thus, the testing was
less likely to end prematurely, and the bias in their
refractionmeasurementwas very small. In addition, for
participants older than 40 years of age, where accom-
modation loss starts to occur with age, the effect of
changing size of the target would not have stimulated
accommodation, as seen in the younger participants.
Taken together, if the age effect found in this study
is true, it probably could not be explained by a single
mechanism.

Besides bias, another evaluation outcome from this
study is the variability of the appmeasurement. Gener-
ally, the 0.84D standard deviation of appmeasurement
error mainly includes two components of variability –
the repeatability of app measurement for the same eye
and the intersubject variability, using sum of squares.
The former was 0.31 D in this study, so it can be
estimated that the app repeatability error contributed
to 13.5% of the overall variability. Comparing to the
95% limit of agreement of some autorefractors, which
were reported to be 0.21 D for cycloplegic autorefrac-
tion22 and about 0.70 D for noncycloplegic eyes,23,24
the app’s 95% limit of agreement (0.61 D) was compa-
rable. If more trials are tested in a test, or multiple
tests are conducted, the repeatability of average can be
improved. For instance, four times of the test would
improve the repeatability of mean by two times theoret-
ically.

Excluding the intrasubject variability (app repeata-
bility), the intersubject variability of the app measure-
ment would be around 0.78 D. This could be related
to various factors. This study investigated age and
astigmatism; only age was found to be a significant
intersubject factor. Although astigmatism should affect
the performance of letter reading, and therefore could
affect the refractionmeasurement, the enrollment crite-
rion on astigmatism (better than 1.75 D) probably
restricted its effect to a range so narrow that the small
effect on the app measurement could not be found
with our sample size. This suggests a favorable robust-
ness of the app measurement. Because patients with
high astigmatism are a small proportion in the children
population for example, about 3.3% in 11 to 20-year-
old children in Australia,25 and 2.5% in 6 to 12-year-
old children in Iran26 were greater than 2 D, 5.9%
in 10 to 16-year-old children in China were greater
than 1.5 D,27 it is expected that the app can poten-
tially measure spherical equivalent refraction error in
the majority of the children population. Age is a risk
factor of astigmatism. The prevalence of astigmatism
greater than 2 D increases from about 3% in 20 to 30-
year-old young adults to about 5% in 61 to 70-year-
old people, and about 14% in the 71 to 80 year olds in
Australia.25 As the increase in prevalence is not huge, it
is expected that the app can also measure the majority
of the adult population.

Another source of error may be due to the distance
measurement method based on facial features. Because
precise calibration for each individual was not included
in the procedure for sake of simplicity, different facial
features could result in an error in the far point distance
estimation. In addition, as discussed above, the experi-
ence on reading letters near the acuity threshold could
cause variability when the visual task is somewhat easy,
especially for some experienced participants. If this
was indeed one of the reasons, testing more trials may
also help reduce the intersubject variability to a certain
extent. It should be noted that, if the app is used
for monitoring myopia progression longitudinally, the
intersubject variability may not be a major concern.

In conclusion, considering the low bias and moder-
ate variability, as well as the fact that the testing proce-
dure is simple – moving the phone screen toward the
patients until they just start to be able to discern the
letters, it is possible for lay persons to administrate the
refractive error measurement for the purpose of mass
myopia screening. Large studies involving more novice
operators and more diverse participants are warranted
to further evaluate an improved version of the app.

There are still issues that need to be addressed before
the smartphone can be actually utilized in mass screen-
ing. (1) The app can only measure myopic refractive
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error. For patients with suspected hyperopia, a positive
lens (e.g. +3 D) can be applied to them to artificially
create myopia, and then measure with the app. The
refraction offset can be subtracted from the measure-
ment results. (2) The current version of the app is not
able to measure the magnitude of astigmatism. For
patients with strong astigmatism, the spherical equiv-
alent results obtained by the app are very different
from the clinical methods, which assess the spherical
and cylinder power separately. If using a clock dial
or a sunburst dial chart can confirm the presence of
strong astigmatism, the patients can be flagged for
further evaluation by professionals. (3) In mass screen-
ing, we also need to flag patients with ocular issues
other than refractive error. As a commonly used and
uncomplicated vision test, a pinhole visual acuity test
can be administrated as a prescreening examination.
If one appears to have reduced vision (e.g. worse than
20/40), according to the pinhole test, the patient should
be referred to specialists for a further examination.
Although refraction does not need to be measured
using the app for the patient, the pinhole testing result
is still a meaningful outcome of the vision screening
work. Certainly, the proposed solutions for these issues
mentioned above would somewhat increase the proce-
dure complexity of testing, because extra accessories
and training are needed. How the increased complexity
would impact the practical feasibility of mass screen-
ing using the mobile app needs to be further evaluated
in future studies.
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