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I detail advances in funduscopy diagnostic systems integrating smartphones. Smartphone funduscopy devices are
comprised of lens devices connecting with smartphones and software applications to be used for mobile retinal
image capturing and diagnosis of diabetic retinopathy. This is particularly beneficial to automate and mobilize
retinopathy screening techniques and methods in remote and rural areas as those diabetes patients are often not
meeting the required regular screening for diabetic retinopathy. Smartphone retinal image grading systems

enable retinopathy to be screened remotely as teleophthalmology or as a stand-alone point-of-care-testing sys-
tem. Smartphone funduscopy aims to avoid the need for patients to be seen by expert ophthalmologists, which
can reduce patient travel, time taken for images to be processed, appointment backlog, health service overhead
costs, and the workload burden for expert ophthalmologists.

1. Introduction

The WHO estimate that 552 million people will have diabetes by
2030.%! One of the most common complications of diabetes is diabetic
retinopathy (DR), which is the leading cause of blindness in
working-aged people in developed countries.” To meet current screening
requirements, all people with diabetes aged over 12 years should have
retinal images screened annually. This produces over a billion retina
images every year, which equates to 32 images per second needing to be
analyzed and graded. Nearly half of diabetic adults in the United States
of America do not receive recommended annual screening for DR, and
other populations, particularly lower-middle income countries, have
10% screening rate or less.?°

In addition to DR, retinal and fundus screening is also used to
identify other conditions. Age-related macular degeneration is a disor-
der that affects central vision. Glaucoma is a group of eye diseases that
can cause vision loss and blindness by damaging the optic nerve. There
are also other retinal or optic nerve head pathologies that these portable
fundus imaging devices can screen for.

1.1. Conventional funduscopy procedures

Conventional funduscope systems have been only based within

hospitals, requiring patients to travel and with limited appointments
based on ophthalmologist availability. Conventionally, a table-top
camera such as the Zeiss Visucam™FA (Fig. 2A) is used for imaging.
This device obtains the image of a patient’s retina, which is then
analyzed manually by an expert consultant ophthalmologist.

Funduscopy is a 4-step procedure to obtain clear imaging of the: (1)
retinal blood vessels, (2) optic disc, (3) macula and (4) retinal periphery.

Usually pupil dilation is required for indirect ophthalmology because
funduscopy with undilated pupils can be difficult. Temporary acting eye
drops such as tropicamide 0.5-1.0% are often instilled in the eyes of the
patient to enable attaining mydriatic photographs.*® Dilation is also the
recommended course when using smartphone lens-based retinal imag-
ing devices; however, some models allow for good quality nonmydriatic
imaging of the retina.

1.2. Advantages of smartphones for funduscopy

For over 10 years, smartphone use in ophthalmology has shown
many advances, including in funduscopy imaging.>® This technique is
coined “smartphone funduscopy,” or smartphone-based fundus imag-
ing (SBFI). SBFI increases the chance of meeting annual screening needs
for retinopathy of prematurity, particularly in developing parts of the
world.*°
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Advantages of smartphone funduscopy include: (1) avoiding the
enormous financial burden of conventional digital fundus imaging sys-
tems. (2) SBFI could facilitate telemedicine-based fundus screening. (3)
SBFI imaging technique has no contact with the corneal surface, which is
less distressing particularly for children with retinopathy of prematu-
rity. Point-of-care-testing for retinal examination has the potential to
improve key health-care barriers for people with diabetes, including
cost, access, and quality. Smart funduscopy enables communities to
more effectively and affordably screen population to identify patients at
risk of losing vision from treatable conditions. There are millions who do
not get regular eye examinations in the United States, other Western
countries, and low-income countries who may benefit from mobile
retina screening.'® Smartphone retinal imaging devices could be used by
patients themselves or their caregivers, rather than expert clinicians,
which could enable nonophthalmic personnel to conduct ophthal-
mology examinations, pending verification of utility.*

Artificial intelligence (AI) and deep learning (DL) for screening
retinopathy have the potential to further reduce the burden on expert
ophthalmologists and may become the preferred strategy and cost-
saving for the patient and family.”' These AI retinopathy systems
require safety, efficacy, and equity to secure clinical acceptance and
payment. Al can be applied to images captured from a wide range of
devices.

2. Smartphone devices for funduscopy image capture

This section presents a literature review, organizing the previously
proposed smartphone based fundoscopy devices into various categories
based on their functionality and methods.

2.1. Using a 20D or 28D lens with smartphone

Perhaps the simplest method for capturing retinal images was pro-
posed by Lord and coworkers.?” The method is similar to classical in-
direct ophthalmoscopy; by holding a 20D lens in front of the patient’s
eye and holding a smartphone at a distance using the other hand, the
camera will autofocus onto the retinal image. When using this method
with 20D lens, it is critical to have a light source - either external or the
flashlight of the smartphone itself. Other similar systems have been
proposed.®® A set up using Samsung smartphones (Galaxy N9000) and a
condensing lens of 20D was used to collect fundus images (Fig. 1A).%!
Diagnostic validation showed reasonable agreement to a slit lamp as
gold standard by comparing classification accuracies. Diagnostics on the
fundus images collected with the smartphone and the slit lamp exami-
nation were conducted by 2 independent specialists.

Condensing lenses of 28D have been used with a smartphone o
collect retinal images. A feature extraction system was proposed and
implemented®® using artificial neural networks with discrete wavelet
transform. This Al system was able to identify stages of DR with a pre-
cision and recall of 63% and 57%, respectively; however, this Al algo-
rithm was implemented on a PC and was not extended to run on a
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portable mobile phone platform. Histograms have been utilized** for
comparison of retinal images with a database of healthy and affected
eyes and were able to detect DR with 62% precision and 53% recall.

Various patients and clinicians'**>“> have contributed methods of
using ophthalmology lenses with a smartphone for funduscopy imaging,
which demonstrates the wide desire for a smart funduscope to be
available for use. These devices for fundus images usually use a 20D or
28D lens.'**® The simple lens devices do not have many requirements,
making them cheaper and easier to obtain. A disadvantage is increased
difficulty in locating the correct distance from the eye, which requires
anatomical knowledge and skill, alongside difficulties in stabilizing the
hand held lens to avoid blur.

2.2. Ophthalmology devices using lenses with smartphone

The devices in this section hold a lens at the desired distance relative
to the smartphone, which frees one hand of the operator and ensures the
lens remains stationary to reduce blur.

The Paxos Scope adapter (Fig. 1B) has been used with iPod and 40D
lens®® as a noncontact indirect SBFI device to screen for retinopathy of
prematurity. Fig. 1C shows a comparison between SBFI (front) and
conventional fundus imaging (background). SBFI gave 56° field-of-view,
and conventional fundus used a 130° field-of-view lens. Paxos Scope was
also compared to clinical examinations** and found 91% sensitivity and
99% specificity.

The DIYretCAM“ is a system that is intended for clinicians to build
themselves from readily available parts. The parts needed to build a
DIYretCAM, include a 20D lens, PVC pipes, and clips with a smartphone.
The DIYretCAM device has been shown in clinical use to capture fan
image of a macular hole.

The CellScope retina imaging device was designed”” to be a speedy,
easy to use, and cheap way to use a smartphone to collect fundus images.
It contains at least 4 lenses, including a 54-diopter ophthalmic lens and
other condenser and achromatic lenses. The initial prototype imaging
device was called Ocular GellScope,”® and it was further developed into
the CellScope Retina.?” The image is taken by a user holding the device
in their hand and pointing it at the patient’s retina. The smartphone’s
built-in light illuminates the retina. A green dot is the fixation target.
Each image is approximately 50°. Five overlapping images are captured
of the central, superior, nasal, temporal, and inferior retina. The
smartphone app merges the 5 images into a single wide-field image of
the retina spanning approximately 100°. Bluetooth is used from the
phone to control the device’s light and target.

The Fundus on Phone (FOP) device (Fig. 2B) is commercially avail-
able*! from Remidio Ltd (Karnataka, India) for use with a smartphone
camera. FOP is portable, consisting of an annular illumination design
that eliminates corneal reflection, producing 45° field-of-view smart-
phone retinal photographs. FOP is designed to be used with the Medios
DR, AI algorithm. Also, FOP device has been used in studies'® with
EyeArt Al software (EyeNuk Inc., Los Angeles, CA) and found 95.8%
specificity. The FOP has been compared to a gold standard Zeiss

Fig. 1. A: Fundus image captured using a smartphone with 20 diopter condensing lens.”’ B: The Paxos Scope adapter.’® C: Image taken with Paxos Scope, reproduced

with licence (CC BY 4.0).
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(D) Volk iNview  (E) Volk Pictor Plus
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Fig. 2. A: Gold standard desktop Visucam image system and (B-E) 4 handheld imaging cameras,’ reproduced with licence (CC BY 4.0).

Visucam (Fig. 2A), finding good comparable quality images in terms of
acquisition rates, quality, and gradeability.’

Adapters have also been developed allowing slit lamp ocular
anterior-segment imaging devices to connect to smart]:ohones.]8 The
Magnifi device (Arcturus labs) is a general purpose microscopy lens
photoadapter fitting the iPhone 4, 4s and 5. The EyePhotoDoc fits
iPhone 3 and 5 and is compatible is with Topcon SL-3E, Marco-2B,
Haag-Streit BQ and Haag-Streit BM slit lamps. The Keeler portable
iPhone adapter for slit lamp images fits an eyepiece 30 mm in diameter.
Also the Zarf iPhone adapter for anterior-segment imaging (Zarf, Spo-
kane, WA).

The visoScope 2.0 is a commercial device*® (oDocs, Otago, NZ) that
offers universal smartphone compatibility using open source 3D printed

(C) Aurora IQ™ (top)
D-Eye (below)

(A) Topcon TRC (B) Zeiss Visuscout

Retinal imaging device

e —

Fundus image
captured on device

Nylon technology (Fig. 2C). Mydriasis of 4 mm+ is required for use. The
visoScope has been evaluated by comparison to a gold standard Zeiss
table-top fundus camera (Fig. 2A), and it performed less well in image
acquisition rates, quality, and gradeability.” One advantage is that the
visoScope is much more portable and costs less than the Zeiss table-top
fundus camera.

The iNview retinal imaging device (Fig. 2D) and Pictor Plus (Fig. 2E)
have both been commercialized (Volk Optical, Inc., OH). Both devices
have been reviewed and compared to a gold standard desktop Zeiss
camera.’ This found that the Pictor is comparable to Zeiss table-top
camera in image acquisition rates, quality, and gradeability, but the
iNview performed less well.’

An alternative large desktop funduscopy device is the Topcon TRC

(E) Make In India
(MII RetCam)

(D) EyeFundusScope (top)
DRS Plus (below)

Fig. 3. A: Topcon TRC NW200 nonmydriatic desktop fundus camera in mobile telemedicine van in rural India,* reproduced with licence (CC BY 4.0). B: Zeiss
Visuscout 100 handheld fundus camera with retinal image of sight-threatening diabetic retinopathy with post laser status center involving diabetic macular edema
taken with,*” reproduced with licence (CC BY 4.0). C: Aurora IQ (Optomed) handheld fundus photography device,” reproduced with licence (Elsevier RightsLink). D,
top: EyeFundusScope smartphone fundus imaging device,” reproduced with licence (CC BY 4.0). D, below: DRS Plus Device,** reproduced with licence (CC BY 4.0). E:
MII Retcam,” reproduced with licence (CC BY 4.0).
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NW200 (Fig. 3A) that has been made more portable by fitting inside a
telemedicine van for visiting rural villages in India.’’ The Zeiss
Visuscout (Fig. 3B) is another portable fundus screening camera.>”

The Aurora IQ (Optomed) (Fig. 3C) is a handheld fundus photog-
raphy device that, without needing pharmacologic dilation of the pupils,
provides a 50° field of view.”

The EyeFundusScope (Fraunhofer, Portugal) (Fig. 3D, top) is a tele-
ophthalmology system with a dedicated mobile fundus camera optical
system.”? This includes spherical and aspherical lenses, polarizers, and
beam splitters. This optical system enables the acquisition of 12MP
images with 40° field of view for pupils >4 m, at a working distance
(distance between lens closest to the eye and smartphone) of 30-40 mm.

DRS Plus (iCare, Finland) (Fig. 3D, below) is another excellent
screening camera with confocal fundus imaging system, using LED light
to produce TrueColour and detail-rich images for a variety of ocular
disease or cataract.’®

The Make In India Retinal Camera (MII RetCam) funduscopy device
(Fig. 3E) holds a smartphone at a fixed distance from the lens and is a
validated smartphone-based imaging system that is now commercially
available.*”

The SIGNAL Handheld Retinal Camera (Topcon Healthcare) is a
mobile imaging solution for nonmydriatic retinal examination covering
the macula and optic disc with 50° by 40° field of view and Wi-Fi
compatibility for image transfer.

It has been proposed that patients could use fundus imaging devices
on themselves,”® termed “selfie fundus imaging.”*” Devices suitable for
selfie imaging include existing commercial handheld fundus image
capture devices such as the Volk InView (Fig. 2D) and Retinal Imaging
camera (Bosch Eye Care Solutions, Germany).

2.3. Existing ophthalmoscopes combined with smartphones

The PanOptic + iExaminer (Fig. 4A) has been commercialized*® by
Welch Allyn Inc. (Skaneateles Falls, NY) and FDA approved in 2013. The
iExaminer adapter is an interface between an iPhone and a PanOptic
ophthalmoscope that allows retinal images with a 25° subtended angle
to be captured using an iPhone, keeping all optical dimensions fixed and
requiring less expertise to use. The +iExaminer has been used as part of a
DR detection system for remote geographic areas.”® An app using
OpenCV for feature-based classification was used to differentiate DR
from healthy images, and it was also proposed to use cloud computing to
overcome mobile processing power limitations.® The iExaminer device
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can also work with the iExaminer App that takes and sends photos, but
does not diagnose within the app. Images captured using the
+iExaminer were used®” to evaluate a DR grading application that im-
plements a vessel segmentation method on fundus images. The DR app”*
is also compatible with fundus images taken on other commercially
available specialized cameras, or downloaded from publicly available
fundus datasets. The software developed in the DR app®” was hosted in
an independent android smartphone system (Fig. 4B), reaching an ac-
curacy of 93.3% on a validation dataset of 40 color fundus images.

2.4. Using lenses from virtual reality headsets for smartphone funduscopy

In lower and middle income countries, there are many cases of
retinopathy, and many patients are not examined as often as recom-
mended. The 20D diopter lens usually costs over $75 USD, which can be
prohibitive. An alternative to the 20D lens is to instead use other lenses
available at lower cost, such as the 2 acrylic lenses used in virtual reality
(VR) headsets such as the Google Cardboard. The lenses from VR
headsets are usually about 22.2D diopter (4.5 cm), which is close
enough to the standard 20D or 28D used in ophthalmoscopes. These VR
lenses have been used for lower cost ophthalmoscopy.'!” We also
propose a new prototype fundus imaging device which we have devel-
oped using a VR lens, as described later in Section 4.

2.5. Direct ophthalmoscopy smartphone devices

In another category are direct smartphone ophthalmoscopy devices.
Direct devices attach a smaller lens or prism, directly onto the smart-
phone camera, removing the need for the lens to be held at a distance,
making them even more compact. One such device is the D-eye, which
uses a magnetic lens attachment which is magnetically attracted onto
the back of the smartphone.*? Fundus images taken with D-eye showed
good agreement with slip lamp. The D-eye field of view is small without
pharmacologic dilation of the pupils (less than 10°), but it is possible to
evaluate the optic nerve appearance, especially when using the video
function.

The Peek Retina device®® (Peek Vision Ltd) used a small prism
attached onto a Samsung smartphone. Peek Retina is no longer
commercially available since 2020. There were also some preproduction
prototypes of Peek Retina.”
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Fig. 4. A: PanOptic +iExaminer smart funduscopy”’ by Welch Allyn Inc. B: Smartphone app for diabetic retinopathy,”” used with +iExaminer or other handheld

ophthalmoscopes, reproduced with licence (CC BY 4.0).
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2.6. Validations of smartphone retinal image quality compared to desktop
cameras

Comparisons between grading of DR from images acquired by the
FOP system (Fig. 2B) and traditional benchtop fundus photography
show 92.7% sensitivity and 98.4% specificity.*”

For grading DR, the D-Eye smartphone system images have been
compared against slit-lamp. This found exact agreement when grading
DR severity in 85% of cases and within one-\ step of agreement in
96.7%, with a sensitivity of 81% and a specificity of 98%.*>

Images acquired by a smartphone with Paxos scope macrolens
adapter (Fig. 1B) and external light source were compared with clinical
examination for a DR grading task.** Smartphone-acquired photos
demonstrated 91% sensitivity and 99% specificity in detection of mod-
erate nonproliferative DR and worse.

The novel Volk iNview, Volk Pictor Plus, Remidio FOP and visoScope
portable retinal imaging devices have been evaluated with good results’
using comparison to the gold standard desktop Zeiss camera (Fig. 2A).

The studies identified in this section have demonstrated good po-
tential for portable fundus imaging devices, with encouraging results for
developing further smartphone based funduscopy innovation.

3. Fundus image analysis, diagnosis, and screening

After fundus images have been collected by imaging devices in
Section 2, the fundus images next have to be analyzed or screened for
DR. I shall discuss various fundus screening methods including (1)
uploading images for expert review, (2) cloud-based Internet Al fundus
screening, or (3) smartphone apps standalone Al fundus screening.

Some systems aim to be stand alone by taking the fundus image and
analyzing the image on the same device. A summary of such systems is
shown in Table 1, with further details in the subsections below.

3.1. Tele-ophthalmology - uploading retinal images from smartphones to
hospitals

There have been various systems proposed for tele-ophthalmology
that can take fundus images remotely'® and send images either to the
hospital or to a cloud-based Internet diagnostic service. Both of those,
however, require an internet connection, which complicates use in rural
communities.

Other research took fundus photographs by smartphone with 20D
lens*' and sent the retinal images by internet communication using

Table 1
Summary of validated smartphone based DR screening systems.

Reference Features Device Camera Performance

35 Feature Smartphone Ophthalmoscope Unspecified
extraction
classification

52 Vessel Android Not specified Accuracy
segmentation Phone 93.3%

24 Discrete Smartphone Light emitting Precision
wavelet diode with 63%
transform Al condensing lens Recall 57%
classification and smartphone

38 Al cloud Smartphone Smartphone Sensitivity
diagnostic and cloud camera 95.8%,
service diagnostics Specificity

80.2%

21 Validate Samsung Samsung Galaxy Unspecified
accuracy of Galaxy N9000 camera
smartphone N9000 with 20 diopter
diagnosis lens

24 Histogram Smartphone 28D condensing Precision
comparison lens and smart 62%, Recall

phone 53%

DR = diabetic retinopathy.
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existing software (WhatsApp) to a specialist for DR grading.
Tele-ophthalmology, which includes analysis of collected images,
has also been implemented to provide DR diagnosis remotely.>’ The
tele-retina screening program has been implemented to enable non-
experts to capture retinal images from remote areas and transfer the
images to ophthalmic centers for DR diagnosis.®® Tele-retina needs a
strong Internet connection between patients and health care centers.

3.2. AI cloud-based Internet screening

Cloud computing has been proposed and implemented for fundus
image analysis.>> This helps to overcome limitations in smartphone
processing power because the computationally-intensive steps of anal-
ysis can be performed on a more powerful remote server. The cloud
image analysis has been applied to fundus images captured through a
smartphone camera combined with a PanOptic ophthalmoscope
(Fig. 4A) and has potential to be applied to images from other lens-based
ophthalmology imaging devices.>”

The Remidio “FOP” system (Fig. 2B) employs smartphone cameras to
collect fundus images of diabetic participants and diagnoses the images
with the help of AI on a cloud-based diagnostic service.’® The smart-
phone and cloud-service joint automatic diagnosis of DR resulted in
95.8% sensitivity and 80.2% specificity for detecting any DR, including
moderate DR and clinically significant macular edema, and 99.1%
sensitivity and 80.4% specificity in detecting vision-threatening diabetic
retinopathy, which includes severe and proliferative stages of DR.

Several major companies are actively developing efforts in the field
of funduscopy and Al to diagnose DR and systemic eye conditions.
Kaggle, the world’s largest data science community, has contributed
several publically available datasets for fundus images, ophthalmology,
and DR detection. Kaggle’s DR detection competition in 2015 had 6993
entries worldwide.??

Although not directly related to smartphones, it is worth mentioning
briefly Google’s efforts, as well as other companies, for example,
DeepMind, in the field of funduscopy and Al to diagnose DR as well as
systemic conditions.

Google Deepmind’’ is using Al to predict retinal disease progression,
including macular degeneration,” collaborating with Moorfields Eye
Hospital and Google Health. This demonstrates the potential of using Al
to predict eye disease progression. In addition to fundus images,
3-dimensional (3D) optical coherence tomography images have been
used. Although not currently focused on smartphones, Deepmind’s
technology may later be suitable for adaptation onto portable platforms.

Google Lens is a vision- and Al-based app based on neural networks
available on most Android smartphones. Google Lens has been proposed
and evaluated for classifying retinal disorders from fundus images."’
Using MESSIDOR retinopathy image dataset,'” it was found that Google
Lens could correctly classify retinal or fundus image type, but for
identification of DR or DME, the response lacked specificity, but may
have future potential.

3.3. Commercial Al smartphone apps for fundus analysis

This section describes available AI apps that can run on smartphones
which are commercially available to purchase for the analysis, diagnosis
or screening of fundus images, taken with either a smartphone or
ophthalmoscope.

Fundus images taken on a smartphone by using a lens or fundus
device can be analyzed within commercial fundus analysis applications,
including: ProCamera for iOS (Cocologics), or FIiLMiC Pro for Android
and iOS (FiLMiC Inc).

An alternative system'® has uses DL fundus analysis and proposed
integrating the Al screening system into a smartphone app; however the
Al app did not integrate with a fundus camera for capturing retinal
images. Smartphone DR screening results could be produced for existing
retinal images captured from other ophthalmoscopes.'”
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A DL classifier has been developed for classifying fundus images® and
has been evaluated using 14,327 fundus images from the MESSIDOR
dataset'” with a reported 94.6% correct identification.

The EyeArt Al DR screening software has been used,’® with images
from the Remidio “FOP” device (Fig. 2B), in a task of grading fundus
images and obtained 95.8% specificity, validated with ophthalmolo-
gists. EyeArt achieves DR analysis using image enhancement, interest
region identification, descriptor computation, deep neural network en-
sembles for classification, and detection of clinically significant macular
edema surrogate markers. FOP is clinically Al trained and validated. A
large, publically-available dataset of retinal images'® was used, with a
training database of 78,685 patients taken using desktop mydriatic
fundus cameras.

4. Proposed smartphone retinal imaging funduscopy with
application

We present our newly developed novel smartphone fundoscope
(Smart-Fundoscope) prototype which we have recently developed
(Fig. 5A). The lens is attached into a sterile plastic tube which securely
holds the lens at the correct fixed distance from the smartphone. The
tube is attached onto a smartphone case which enables it to fit tightly
onto the phone. The camera is set to record video, and LED flash torch is
switched on (Fig. 5B). A second prototype has a screw cap that can
extend or retract the lens for fine tuning the image focus (Fig. 5C). The
prototype 1 was tested and produces suitably high resolution micro-
scopic zoom images (Fig. 5D).

4.1. Application for analyzing retinal images on a smartphone

A smartphone app prototype was developed (Fig. 6A) that can obtain
fundus images either by interfacing with a developed lens attachment
(Figs. 5A-C) or from existing retinal image datasets such as EyePACS."*
This app could be extended in future to apply a pretrained machine
learning model (neural network) within the smartphone to give
stand-alone diagnosis. It may require additional CPU power to process
high resolution fundus images with full feature detection and classifi-
cation, to identify retinopathy grading in fundus images with reasonable
accuracy and duration. If the smartphone app is unable to classify the
fundus image, a flow process was defined (Fig. 6B) whereby images can
be uploaded onto a cloud based classification system, and the third stage
is to forward the fundus image to the ophthalmology expert for manual
viewing and diagnosis.
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5. Conclusion

Stand-alone DR screening systems with no external dependencies are
beginning to be developed and evaluated. These systems aim to provide
a superior method particularly by enabling point-of-care testing, so the
patient can obtain a diagnosis without requiring a hospital visit and
appointment, which can free up health resources and expert ophthal-
mologists’ time.

Evaluation of stand-alone DR grading systems can have 2 main
phases: (1) compare fundus images between novel smartphone devices
and the gold standard conventional digital fundus systems such as the
Zeiss Visucam (Fig. 2A) to identify quality assurance and practicalities.
(The comparison is necessary to both current conventional nonportable
telemedicine strategies and clinical fundus examination devices to
validate smartphone retina imaging techniques and potentially to ach-
ieve compliance for DR screening”’ and (2) compare the diagnosis ac-
curacy between smartphone Al app and expert ophthalmologist. This
would need to be completed with a large number of fundus images to
ensure that a comparison of classification accuracy takes into account
variations in image properties depending on which imaging device has
been used to image the retina.

There are 2 main components for stand-alone point-of-care-testing
DR screening: (1) image capture using a lens-based attachment device
interfacing with a smartphone camera, (2) image processing and anal-
ysis for grading retinopathy, which can be achieved using a smartphone
app that contains a trained ML model uploaded to a cloud-based diag-
nosis service. For image capture, the proposed handheld imaging de-
vices that connect to any universal smartphone can provide capability to
take reasonable quality fundus images. The developed ophthalmoscope
prototypes integrate with smart phones and are independent of the host
smartphone device because, over time, smartphones are rapidly
changing, and older smartphones become quickly obsolete and are dis-
continued, which has previous prevented smartphone ophthalmoscopes
from working a few years after being developed. Also, a wide range of
users would have a wide variety of different smartphones. A challenge of
capturing diagnostic fundus images on a smartphone is the quality of the
retinal images captured compared to a conventional digital fundus
ophthalmoscope system. For deploying automatic image screening and
diagnosis for DR, the proposed smartphone retinopathy devices are
becoming capable of running DL or neural networks for image analysis.
Cloud-based Al retinal diagnosis is also proposed to address the limited
processing power and memory on smartphones. In future, there may
gradually be diminished reliance on uploading smartphone funduscopy

Fig. 5. A developed prototype smart funduscope. A,B: Case attached with sterile plastic tube containing lenses. C: Screw prototype with adjustable lens height for
focusing image. D: Example of the high magnification capabilities of proposed smart funduscope.
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Smartphone obtains the Fundus image

(B)

a screening result

Smartphone App produces

Yes

| CLASSIFY RETINOPATHY GRADE |

| OPEN FUNDUS IMAGES FROM DATASET I

| TAKE PHOTO WITH SMART FUNDOSCOPE |

No
Image is uploaded to the cloud-
based internet diagnosis
Screening result
Yes is obtained

No

Screening result is displaed to
the user on smartphone screen

Image is forwarded to the
expert opthalmologist

Fig. 6. A: Developed Smart-Fundoscope app screen. B: Proposed flowchart for image screening.

images to Al cloud-based DR grading systems as higher powered pro-
cessing becomes possible on smart devices and DL efficiency and effi-
cacy progresses.

5.1. Methods of literature search

The literature search was conducted using the major search data-
bases include Scopus, PubMed, IEEE Xplore, ASME Digital Collection
and Google scholar. Additional references were identified from related
citations within the articles found. Two sets of keywords were used for
literature search. The first set of keywords for imaging devices included:
“fundoscopy devices,” “ophthalmoscopy devices,” “Ophthalmology de-
vices,” “fundus camera.” The second set of keywords for image analysis
algorithms included: “fundus image analysis,” “fundoscopy imaging,”
“smartphone retinal image analysis.”
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