An auto-refractor with artificial intelligence

¢ Clinical Research °

Artificial intelligence improves accuracy, efficiency, and
reliability of a handheld infrared eccentric autorefractor

for adult refractometry

Yi~Ting Cao"’, Dan-Yang Che"’, Yi-Lei Pan"’, Yun—Li Lu'"*, Chong—Yang Wang’, Xiao—Li Zhang’,

Yun—Fer Yang3, Ke—Ke Zha04, Ji—-Bo Zhou'?

'Department of Ophthalmology, Shanghai Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine,
Shanghai 200011, China

*Shanghai Key Laboratory of Orbital Diseases and Ocular
Oncology, Shanghai 200011, China

*Shanghai MediWorks Precision Instruments Company
Limited, Shanghai 201112, China

“Department of Ophthalmology, Shanghai Children’s Medical
Center, Shanghai Jiao Tong University School of Medicine,
Shanghai 200127, China

Co-first authors: Yi-Ting Cao and Dan-Yang Che
Correspondence to: Ke-Ke Zhao. Department of Ophthalmology,
Shanghai Children’s Medical Center, Shanghai Jiao Tong
University School of Medicine, 1678 Dongfang Road,
Shanghai 200127, China. 13761779738@163.com; Ji-Bo
Zhou. Department of Ophthalmology, Shanghai Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine;
Shanghai Key Laboratory of Orbital Diseases and Ocular
Oncology, 639 Zhizaoju Road, Shanghai 200011, China.
zhoujibo1000@aliyun.com

Received: 2021-06-24 Accepted: 2021-12-15

Abstract

e AIM: To evaluate the accuracy, efficiency, and reliability
of a handheld infrared eccentric autorefractor (hICA)
with artificial intelligence (Al) by comparing its refraction
measurements to those recorded using hICA and a clinical
table-mounted automatic refractor (TAR).

e METHODS: A cross-sectional study using three optometers,
including hICA with or without Al and TAR, for refractometry
of adults (aged 19-49 years old) with no signs of ocular
disease or trauma in the absence of cycloplegia. Right
and left eye refraction data were recorded, including
the spherical equivalent (SE), diopter of spherical power
(DS), diopter of cylindrical power (DC) decomposed into
vectors JO and J45, and measurement times. To avoid
analytical difficulties associated with the interdependence
of observations between eyes from the same individual, the
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Generalized Estimation Equation was used to compare the
SE, DS, JO and J45 measurements, and the times thereof,
among the different groups. The intraclass correlation
coefficient (ICC) and Spearman’s rank correlation
coefficient were used to evaluate correlations among the
measurements recorded by the three different instruments.
Bland-Altman were used to analyze the precision of the
equipment by the agreement.

e RESULTS: A total of 70 patients (140 eyes; mean age:
31.37y; range: 19-49y) were assessed using refractometry.
In a brightly lit environment, there was no significant
difference between the mean SE recorded using TAR
and that recorded using hICA with Al or without Al (both
P>0.05). In an intense-light environment, hICA equipped
with Al showed a better detection rate than without Al. Light
intensity had a greater effect on dioptric measurements
recorded using hICA without Al (P<0.001) than on those
recorded using the one equipped with Al (P<0.05).
Measurement times varied significantly between the
different light intensities and instruments (P<0.05).

e CONCLUSION: For the normal human eyes, Al may
improve the accuracy, efficiency, and reliability of measurements
recorded using hICA in various light environments.
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INTRODUCTION
metropia is now a serious public health concern
worldwide. Globally, it was estimated that there were
312 million cases of myopia in 2015". Nearly 5 billion people
will be affected by 2050". A higher incidence of myopia

means more pathological myopia patients. Refractive error has
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become one of the leading causes of visual impairment and
preventable blindness among children and young adults.

Based on the above, regular and large-scale vision screening
should be implemented as soon as possible. Accurate, affordable,
and portable measuring equipment is needed to screen large
populations. Retinoscopy, table-mounted autorefractors (TAR),
and handheld automatic refractors are often used for vision
screening. Retinoscopy, which estimates refractive power
by measuring the divergence of reflected light, requires
experienced and skilled optometrists. TAR is widely used
and technological innovations have improved their precision.
However, measuring visual acuity in subjects who are older
or very young, or in those that have a disability may be more
challenging; consequently, portable handheld autorefractors
are also frequently used to measure visual acuity” .

Handheld automatic refractors are convenient to use, and many
studies have compared their accuracy and efficiency with

(8191 Results have shown

traditional clinical optometry methods
that measurements of astigmatism, myopia, and anisometropia
recorded using these handheld autorefractors are consistent
with those recorded using cycloplegic retinoscopy!' ™.
However, these refractors are associated with small errors and
may be affected by external factors"*. The measurement of
refractive error using a handheld infrared eccentric autorefractor
(hICA) is based on light tracing, which may be affected by
changes in light intensity, humidity, movement caused by
hand-shake, focusing blur, or eye deformation. Deep learning,
as a neoteric form of artificial intelligence (Al), could improve
the stability and robustness of these procedures by enhancing
the representativeness of data in the form of text, images, or
sound. In this study, Al was applied to increase the accuracy of
hICA measurements obtained during vision screening.

This research investigated whether Al improved the clinical utility
of hICA by comparing the values of diopter measurement
and time control, and provides insight that could aid the
development of accurate and efficient autorefractors.
SUBJECTS AND METHODS

Ethical Approval The study adhered to the tenets of the
Declaration of Helsinki. The study protocol was approved by
the Ethics Committee of Shanghai Ninth People’s Hospital,
affiliated with Shanghai Jiao Tong University School of
Medicine (Shanghai, China; SH9H-2020-T22-2). The study
objectives and procedures were explained to all subjects in
advance, and written informed consent was obtained.

Subjects Subjects with small pupils (bilateral pupil diameter
<2 mm in indoor light) and ocular diseases were excluded from
the study. In total, 70 healthy adult volunteers participated.
Subjects with a visual acuity <20/20 with correction in one eye
were not eligible to participate. Data on age, date of birth, sex,
spectacle use, and ophthalmological findings were collected.

Instruments Three instruments were tested in this study,
namely an automatic refractor (AR-1; Nidek, Gamagori, Japan)
and two automatic vision screeners: the VS100 Spot Vision
Screener (Welch Allyn, Skaneateles Falls, NY, USA) and the
V100 Vision Screener (MediWorks, Shanghai, China)"*"®.
The appropriate rights to reproduce or mentioned of the V100
Vision Screener has been obtained from Shanghai MediWorks
Precision Instruments Company Limited. All three instruments
were calibrated before testing.

Image Processing and Development of the Deep Learning
Algorithm The Al binocular measurement method described
here is based on deep learning.

U-net segmentation network The U-net segmentation
network described by Ronneberger et al'” in 2015 is widely
used for medical image segmentation. U-net were used to
segment the pupil area from red/green/blue (RGB) images.
The image resolution was 320x240, and probability maps were
generated by convolution, skip connection, and deconvolution
operations. The pupil area was considered to correspond to
the probability map that exceeded the probability threshold
(Figure 1). The U-net neural network enhances information,
decreases the loss thereof, and greatly improves the accuracy
of medical images. As shown in Figure 2, the network
framework includes an encoder, decoder, and skip connection.
The encoder extracts image features, such as shallow layers
and fine granular structures. The decoder restores the features,
including shallow- and deep-channel features, and converts
image information from low to high resolution. The decoding
module can express deep- and coarse-grained features. Next,
the ROI is located using probability maps. The skip connection
links the encoder and the decoder, reduces information loss
during the feature extraction process, and ensures accurate
positioning and segmentation.

U-net model training and pupillary region capture A total
of 20 000 human eye images were collected and separated
into a training set and a verification set (ratio of 4:1). Data
augmentation was applied, including rotation, translation,
scaling, grey-level stretching, and randomisation. Then the
images were normalised by subtraction and accommodating
variation. The “loss cross-entropy function” was dichotomous,
with “0” representing the background and “1” representing
the pupil. The “U-net training weight” was used as the initial
weight before fine-tuning the training dataset. Stochastic
gradient-descent with an optimised iteration method was
applied for 60 rounds. The initial learning rate of 0.01 decreased
10-fold after 20 rounds, and then again after 40 rounds. Finally,
the training weight with the minimum difference between the
training and verification set data loss was selected for network
reasoning. The U-net network inference procedure generated
probability maps with thresholds. Areas with a probability >0.8
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Figure 3 Flowchart of the refractive error screening procedure.

were designated as pupillary regions; the remaining areas were
considered background. Next, a binary mask for the pupillary
region was obtained and used to extract the pupillary ROI from
the original image. Then the infrared eccentricity algorithm
was used to obtain diopter values.

Refractive Error Screening Procedure All 70 subjects were
randomised into two groups (A and B), each including 35
subjects, using a randomised block design implemented in the
R environment (R Development Core, Team, Vienna, Austria).
Refractive measurements were obtained in the following
sequence as showed in Figure 3.

In the first and second steps, two professional optometrists
simultaneously obtained the measurements for each subject;
each optometrist used a different vision screener. Then the
optometrists swapped the vision screeners before the next
round of measurements. Therefore, all subjects were evaluated
using both vision screeners, and by both optometrists, under
bright and intense light conditions. Measurements that took
more than 20s were considered failures. The Welch Allyn
VS100 and MediWorks V100 devices were positioned
approximately 1 m from the face of each participant to obtain

the measurements.
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To evaluate the efficiency of each vision screener, measurement
times were recorded for each subject by two timekeepers with
two stopwatches of the same type (from the point at which the
binocular image appeared on the screen until the results were
outputted).

Parameters for Refractive Error Measurements
Measurements recorded using the TAR were used as the
reference standard. The diopter of spherical power (DS)
and cylindrical power (DC) were decomposed into vertical/
horizontal component (JO=-(DC/2)*cos(2A), A means axis)
and oblique component [J45=-(DC/2)xsin(2A)] of refractive,
and spherical equivalent (SE; the DS plus half of the negative
DC) were used to evaluate the accuracy of both of the
handheld infrared eccentric autorefractors used in this study.
Statistical Analysis The data collected during the project
were processed using Excel software (Microsoft Corp.,
Redmond, WA, USA). Next, the data were reviewed for errors
and analysed using SPSS software (ver. 24.0; IBM Corp.,
Armonk, NY, USA). The normality of the distribution of the
optometry data was assessed using the Shapiro-Wilk test. For
qualitative data, frequencies and proportions were calculated.

Descriptive statistics were generated for the quantitative data,
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as medians and interquartile ranges (IQRs), because these data
were not normally distributed. To avoid analytical difficulties
associated with the interdependence of observations between
eyes from the same individual, a generalised equation was used
to compare the SE, DS, and DC measurements, and the times
thereof, among the different groups. The intraclass correlation
coefficient (ICC) and Spearman’s rank correlation coefficient
were used to evaluate correlations among the measurements
recorded by the three instruments. Bland-Altman were used
to analyze the precision of the equipment by the agreement.
The tests were two-sided, and a P-value <0.05 was considered
statistically significant.

RESULTS

Demographic Data In total, 140 eyes of 70 participants
were assessed. The sociodemographic characteristics of the
participants are shown in Table 1.

Accuracy of the Handheld Infrared Eccentric Autorefractors
with/without Al Compared to the Table-Mounted
Refractor

Results in a brightly lit environment In a brightly lit
environment (161.2 1x), the median (IQR) SE values measured
using the MediWorks V100, Welch Allyn VS100, and Nidek
AR-1 instruments were -1.250 (2.47) D, -1.187 (2.973) D,
and -1.678 (3.094) D, respectively. There were no significant
differences in the estimated marginal mean SE, DS, and DC
values (JO and J45) obtained using the Welch Allyn VS100 and
Nidek AR-1 (P>0.05). The estimated marginal mean SE, DS,
and DC (JO, J45) values obtained using the three instruments
are presented in Table 2.

In a brightly lit environment (161.2 Ix), the ICC for the SE
between the MediWorks V100 and Nidek AR-1 instruments
was 0.925 (P<0.001), and that between the Welch Allyn VS100
and Nidek AR-1 was 0.955 (P<0.001). There was a statistically
significant correlation in the SE, DS and DC measurements
recorded using both vision screeners and the TAR (P<0.05).
Results in an intense-light environment In total, 98 eyes of
49/70 (70%) participants were successfully evaluated using the
Welch Allyn VS100. Therefore, the SE measurements of these
49 subjects were analysed. In an intense-light environment
(1043 1x), the medians (IQR) SE values measured using the
MediWorks V100, Welch Allyn VS100, and Nidek AR-1
instruments were -1.303 (2.89) D, -1.522 (3.164) D, and
-2.030 (3.124) D, respectively. Similar to the results obtained
in the brightly lit environment, the DC values significantly
differed between MediWorks V100 and Nidek AR-1 (P<0.05).
There were statistically significant differences in the SE and
DS values obtained using the Welch Allyn VS100 and Nidek
AR-1 instruments (P<0.05). The estimated marginal mean SE,
DS, JO and J45 values obtained using the three instruments are
presented in Table 3.

Table 1 Participant characteristics

Characteristics n=70 (%)
Sex
Male 41 (58.57)
Female 29 (41.43)
Age groups (y)
19-29 26 (37.14)
30-39 36 (51.43)
40-49 8(11.43)
Mean+SD 31.37+£6.49
Wears spectacles
Yes 31 (44.29)
No 39 (55.71)

In an intense-light environment (1043 1x), the ICC for the SE
between the MediWorks V100 and Nidek AR-1 instruments
was 0.956 (P<0.001), and that between the Welch Allyn
VS100 and Nidek AR-1 instruments was 0.973 (P<0.001). The
ICC and Bland-Altman analyses indicated a high degree of
consistency and repeatability for the SE and DS measurements
obtained using the two vision screeners and the TAR.

Effects of Light Intensity on Measurements Light intensity
had a significant effect on the dioptric measurements recorded
using both handheld screeners (P<0.05), whereas it had little
effect on the TAR measurements (P>0.05; Table 3).
Efficiency of the Handheld Infrared Eccentric
Autorefractor with/without Al

Detection rates Of the two hICAs, the instrument equipped
with Al (MediWorks V100) showed the better detection rate
(100% vs 70% in an intense-light environment).
Measurement time for three instruments in different light
environments As shown in Table 4, the estimated marginal
mean length of time necessary to record measurements in
both the brightly lit (P=0.008) and an intense-light (P=0.002)
environments was shorter when using the MediWorks V100
than when using the Welch Allyn VS100. Lower light intensity
decreased the time necessary for both screeners to complete
the dioptric measurements in both environments.
DISCUSSION

Recent studies have evaluated the performance of deep
learning-based algorithms for diagnosing ophthalmic diseases

%20 This study describes a theoretical and

via image analyses
experimental approach to vision screening using Al technology.
In this cross-sectional study, the mean dioptric measurement
values and times were compared between two hICAs, the
MediWorks V100 and Welch Allyn VS100 instruments, and a
TAR, Nidek AR-1.

The results indicated that Al could play an important role in
challenging vision screening environments. In a brightly lit

environment, the SE and DS measurements obtained using the
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Table 2 Estimated marginal values obtained using three instruments in a brightly lit environment mean+SD, D
DC
Instruments SE DS
JO J45

MediWorks V100 -2.292+0.303 -1.950+0.299 -0.0002+0.023 -0.101+0.038
Welch Allyn VS100 -2.006+0.289 -1.701+0.295 0.011+0.028 0.010+0.028
Nidek AR-1 -2.144+0.279 -1.856+0.277 0.045+0.029 -0.023+0.043
P 0.190%, 0.103" 0.399%,0.077" 0. 498", 0.656" 0.106°, 0.577°

SE: Spherical equivalent; DS: Spherical power; DC: Cylindrical power; D: Diopters. “Comparison of the values obtained using the MediWorks
V100 and Nidek AR-1; *"Comparison of the values obtained using the Welch Allyn VS100 and Nidek AR-1.

Table 3 Estimated marginal values obtained using three instruments in two environments

Parameters Environments MediWorks V100 Welch Allyn VS100 Nidek AR-1 °pP ‘P
SE (D) BL -2.537+0.384 -2.32240.369 -2.48540.346

IL -2.361+0.363 -2.077+0.333 -2.476+0.344 0.235 0.000
‘P 0.022 0.000 0.752
DS (D) BL -2.227+40.375 -2.060+0.373 -2.244+0.332

IL -2.034+0.347 -1.7494+0.331 -2.236+0.332 0.033 0.000
‘P 0.017 0.000 0.763
JO BL 0.018+0.027 0.015+0.026 0.010+0.029

IL 0.030+0.041 0.005+0.028 0.050+0.020 0.659 0.214
‘P 0.841 0.754 0.291
J45 BL -0.059+0.034 -0.001+0.022 0.009+0.024

IL -0.022+0.030 -0.014+0.034 0.002+0.020 0.505 0.720
‘P 0.459 0.797 0.844

SE: Spherical equivalent; DS: Spherical power; DC: Cylindrical power; D: Diopters. BL: Bright light (161.2 Ix); IL: Intense light (1043 Ix).

‘Comparison of the values obtained in bright- and intense-light environments; *"Comparison of the values obtained using the MediWorks V100

and Nidek AR-1 in intense-light environment; ‘Comparison of the values obtained using the Welch Allyn VS100 and Nidek AR-1 in intense-light

environment.

Table 4 Measurement times for three instruments ~ mean+SD,s  screeners may be suitable for large-scale clinical screening
Environment and evaluation of patients who cannot be assessed using
Instruments P .
BL IL conventional refractometry.
MediWorks V100 3.760+0.236 4.398+0.249  0.011 Photo-screening technology is increasingly being used for
Welch Allyn VS100  5.417+0.327 7.251+£0.615  0.008 optical screening due to its numerous advantages, such
Nidek AR-1 16.927+0.431 17.610+£0.563  0.304 as high-speed binocular measurements, minimal training

BL: Bright light (161.2 1x); IL: Intense light (1043 1x); s: Seconds.

hICA without Al were less negative than those obtained using
TAR (P>0.05). Similar findings have been reported in previous
studies’™'**. In the intense-light environment in this study,
the SE and DS values obtained using the hICA equipped with
Al were more similar to the reference standard values. One
explanation for the higher detection rate (100% vs 70%) and
more rapid measurements observed using the vision screener
with Al under intense light (P<0.05) is that Al overcomes
some of the disadvantages associated with traditional image
processing and enhances the sensitivity and robustness of the
instrument through more precise detection and recognition
in complex environments. There was statistically significant
agreement in the SE and DS measurements obtained using
the hICA and the TAR, which suggests that these vision
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requirements, and a compact and lightweight instrument
design. This is the first study to combine Al and photo-
screening technology to assess the accuracy and efficiency
of these instruments when used in healthy adults. One recent
study applied deep learning for myopia screening of children
and achieved high screening accuracy using deep convolution
neural networks, thus demonstrating the potential benefits of
Al for vision screening””. Deep learning was proven to be
effective for estimating refractive error in clinical practice. Al
may be applied to improve routine, large-scale screening for
myopia.

This study did have some limitations. In particular, although
auto-refractometry is now established as a reliable tool for
measuring refractive error and visual acuity, the manual
refraction after cycloplegia remains as the gold standard

but was not used in the study. Previous studies have shown
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that different autorefractors produce significantly different
SE measurements, using both objective and subjective

2324 Thus, further studies are needed to compare

refraction!
the accuracy of automatic refractors equipped with Al and
subjective refractors, with and without cycloplegia. Handheld
automatic refractors are particularly suitable for assessing
vision in infants, preschool children, older subjects with mobility
difficulties, and those at risk for amblyopia or severe refractive
defects. Further studies are needed to better understand the
typical values in various populations. DC measurements
recorded using handheld automatic refractors equipped with
Al were not particularly accurate. However, this inaccuracy
was eliminated after decomposing DC into JO and J45 and
analyzing separately. There are still several uncertain factors in
the study. First, binocular accommodation varies significantly
among individuals. Second, hICA and TAR are based on
different principles. Measurement distances, algorithms, and
calibration criteria may vary significantly between the two
instruments. Third, the results in this study may have been
affected by various other factors such as measurement distance,
light, humidity, eye movements, and a small sample size; these
factors could explain why the DC measurement results differed
from those recorded in previous studies.
In conclusion, this study tested the effectiveness of an Al-
enabled hICA for clinical vision screening and found that
the Al technology improved the accuracy and speed of
measurements in complex environments for normal human
eyes without diseases. Future research efforts should be
directed toward large-scale screening and early detection/
prevention of myopia.

ACKNOWLEDGEMENTS

Foundation: Supported by the Science and Technology

Commission of Shanghai (No.17DZ2260100).

Conflicts of Interest: Cao YT, None; Che DY, None; Pan

YL, None; Lu YL, None; Wang CY, None; Zhang XL, None;

Yang YF, None; Zhao KK, None; Zhou JB, None.

REFERENCES

1 Rudnicka AR, Kapetanakis VV, Wathern AK, Logan NS, Gilmartin
B, Whincup PH, Cook DG, Owen CG. Global variations and time
trends in the prevalence of childhood myopia, a systematic review
and quantitative meta-analysis: implications for aetiology and early
prevention. BrJ Ophthalmol 2016;100(7):882-890.

2 Holden BA, Fricke TR, Wilson DA, Jong M, Naidoo KS, Sankaridurg
P, Wong TY, Naduvilath TJ, Resnikoff S. Global prevalence of myopia
and high myopia and temporal trends from 2000 through 2050.
Ophthalmology 2016;123(5):1036-1042.

3 Yasir ZH, Almadhi N, Tarabzouni S, Alhommadi A, Khandekar R.
Refractive error of Saudi children enrolled in primary school and
kindergarten measured with a spot screener. Oman J Ophthalmol

2019;12(2):114-118.

4 Forcina BD, Peterseim MM, Wilson ME, Cheeseman EW, Feldman
S, Marzolf AL, Wolf BJ, Trivedi RH. Performance of the spot vision
screener in children younger than 3 years of age. Am J Ophthalmol
2017;178:79-83.

5 Schimitzek T, Wesemann W. Clinical evaluation of refraction using
a handheld wavefront autorefractor in young and adult patients. J
Cataract Refract Surg 2002;28(9):1655-1666.

6 Khan RA, Souru C, Vaghese S, Yasir Z, Khandekar R. Vision screening
of ophthalmic nursing staff in a tertiary eye care hospital: outcomes
and ocular healthcare-seeking behaviours. Sultan Qaboos Univ Med J
2017;17(1):e74-€79.

7 de Juan V, Herreras JM, Martin R, Morejon A, Perez I, Rio-Cristobal A,
Rodriguez G. Repeatability and agreement of ARK-30 autorefraction
after cataract surgery. Clin Exp Ophthalmol 2012;40(2):134-140.

8 de Jesus DL, Villela FF, Orlandin LF, Eiji FN, Dantas DO, Alves
MR. Comparison between refraction measured by Spot Vision
Screening™ and subjective clinical refractometry. Clinics (Sao Paulo)
2016;71(2):69-72.

9 Racano E, Alessi S, Pertile R. Comparison of 2Win and plusoptiX A12R
refractometers with retinomax handheld autorefractor keratometer. J
AAPOS 2019;23(5):276.e1-276.¢5.

10 Hashemi H, Khabazkhoob M, Asharlous A, Yekta A, Emamian MH,
Fotouhi A. Overestimation of hyperopia with autorefraction compared
with retinoscopy under cycloplegia in school-age children. Br J

Ophthalmol 2018;102(12):1717-1722.

11 Peterseim MM, Papa CE, Wilson ME, Cheeseman EW, Wolf BJ,
Davidson JD, Trivedi RH. Photoscreeners in the pediatric eye office:
compared testability and refractions on high-risk children. 4m J
Ophthalmol 2014;158(5):932-938.

12 Nishimura M, Wong A, Cohen A, Thorpe K, Maurer D. Choosing
appropriate tools and referral criteria for vision screening of children
aged 4-5 years in Canada: a quantitative analysis. BMJ Open
2019:;9(9):¢032138.

13 Mu Y, Bi H, Ekure E, Ding G, Wei N, Hua N, Qian X, Li X.
Performance of spot photoscreener in detecting amblyopia risk factors
in Chinese pre-school and school age children attending an eye clinic.
PLoS One 2016;11(2):¢0149561.

14 Huang D, Chen X, Zhang X, Wang Y, Zhu H, Ding H, Bai J, Chen J,
Fu Z, Wang Z, Liu H. Pediatric vision screening using the plusoptiX
A12C photoscreener in Chinese preschool children aged 3 to 4 years.
Sci Rep 2017;7(1):2041.

15 V100 vision screener by MediWorks. http://www.mediworks.com.cn/
cn/product/61. Accessed on September 25, 2020.

16 SpotTM Vision Screening by Welch Allyn. http://www.
spotvisionscreening.com. Accessed on September 25, 2020.

17 Ronneberger O, Fischer P, Brox T. U-Net: Convolutional Networks
for Biomedical Image Segmentation. In: Navab N, Hornegger J,
Wells W, Frangi A. (eds) Medical Image Computing and Computer-
Assisted Intervention-MICCAI 2015. MICCAI 2015. Lecture Notes in
Computer Science, vol 9351. Springer, Cham; 2015.

633



An auto-refractor with artificial intelligence

18 Boynton GE, Stem MS, Kwark L, Jackson GR, Farsiu S, Gardner TW.
Multimodal characterization of proliferative diabetic retinopathy reveals
alterations in outer retinal function and structure. Ophthalmology
2015;122(5):957-967.

19 Wu Z, Cunefare D, Chiu E, Luu CD, Ayton LN, Toth CA, Farsiu
S, Guymer RH. Longitudinal associations between microstructural
changes and microperimetry in the early stages of age-related
macular degeneration. Invest Ophthalmol Vis Sci 2016;57(8):
3714-3722.

20 Wang M, Tichelaar J, Pasquale LR, Shen LQ, Boland MV, Wellik SR,
De Moraes CG, Myers JS, Ramulu P, Kwon M, Saeedi OJ, Wang H,
Baniasadi N, Li D, Bex PJ, Elze T. Characterization of central visual
field loss in end-stage glaucoma by unsupervised artificial intelligence.
JAMA Ophthalmol 2020;138(2):190-198.

21 Varadarajan AV, Poplin R, Blumer K, Angermueller C, Ledsam

634

J, Chopra R, Keane PA, Corrado GS, Peng L, Webster DR. Deep
learning for predicting refractive error from retinal fundus images.
Invest Ophthalmol Vis Sci 2018;59(7):2861-2868.

22 Yang Y, Li R, Lin D, Zhang X, Li W, Wang J, Guo C, Li J, Chen C,
Zhu Y, Zhao L, Lin H. Automatic identification of myopia based
on ocular appearance images using deep learning. Ann Transl Med
2020;8(11):705.

23 Stoor K, Karvonen E, Liinamaa J, Saarela V. Evaluating refraction
and visual acuity with the Nidek autorefractometer AR-360A in a
randomized population-based screening study. Acta Ophthalmol
2018;96(4):384-389.

24 Wosik J, Patrzykont M, Pniewski J. Comparison of refractive error
measurements by three different models of autorefractors and
subjective refraction in young adults. J Opt Soc Am A Opt Image Sci
Vis 2019;36(4):B1-B6.



