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Background: Smartphone fundoscopy is a new option for visualizing the ocular fundus but must
be validated before being included in population-based examinations. Our aim was to evaluate
the quality of fundoscopic images obtained via smartphone and to compare their agreement
with retinal camera images or clinical examination.

Methods: The database for this study included all observational studies with smartphone
fundoscopy that have comparative analyses with the gold standard methods.

Results: Out of 121 potentially relevant studies, nine were included in this analysis, compris-
ing a total of 4,219 eyes. Mean age was 56.6 years (SD18.5). Combined kappa (k) agreement
statistics were equal to 77.77% (95% CI: 70.34%, 83.70%). No heterogeneity was measured
by random effects (I>=zero).

Conclusion: Fundoscopic images obtained by using smartphones have substantial agreement
with gold standards for clinical or photographic exams.

Keywords: smartphones, fundoscopy, ophthalmoscopy

Introduction
Smartphones will be used by 2.87 billion people by 2020.! Searching PubMed
for articles containing the terms smartphones and medicine led to the detection
of 2,588 texts, 194 of which relate to clinical trials.>? PROSPERO (“International
Prospective Register of Systematic Reviews”) has 162 systematic reviews registered.
Hundreds of applications for use in ophthalmology are available, many intended
for examining patients. Their cost, portability, and available or added functions are
transforming smartphones into a medical, diagnostic, and management tool. Their use
in obtaining retinal images has drawn increasing interest, both as a reading instrument
and also for capturing images.*® In particular, the use of this resource in underprivileged
populations or populations without regular access to ophthalmic exams, or as a means
of expanding screening of diseases involving higher prevalence of blindness (such as
diabetic retinopathy or glaucoma) has been predominant in published articles.*!
Despite its recognition, fundoscopy is rarely used by physicians who are not
ophthalmologists. This is due to technical difficulties and lack of training.'-'> On
the other hand, early examination has been recognized as a proven practice for
avoiding harm arising in prevalent situations, as well as for its potential to identify
prognostic markers. This has been the case with diabetes,'® arterial hypertension,'*
prematurity,’® glaucoma,'® among many other conditions.!*!” The simplicity of
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smartphone fundoscopy greatly scales up the use and avail-
ability of this resource.

However, this method lacks validation defining the extent
of its applicability. The objective of this systematic review
was therefore to evaluate the performance of fundoscopic
images obtained via smartphones and to compare their agree-
ment when captured simultaneously by retinal cameras or
direct fundoscopy and/or posterior segment biomicroscopy.

Methods

Protocol and registration

This review was developed in accordance with standards
established by the “Cochrane” diagnostic test accuracy
reviews (COCHRANE),!® “Preferred reporting items for
systematic reviews and meta-analysis” (PRISMA)," and the
“Meta-analysis of Observational Studies in Epidemiology”
(MOOSE) statements®® and has been registered on the
PROSPERO database with the number: CRD42018095545.!

Elegibility criteria

The database for this study included observational
studies — cohort, cross-sectional, or case—control studies —
baseline results of randomized or non-randomized clinical tri-
als, or observational follow-up after clinical trials assessing the
quality of the retina images obtained with smartphones when
compared to those captured by methods considered as gold
standards, such as digital retinography and/or posterior segment
biomicroscopy, with statistical meta-analysis for pooled results.
Ifa study contained multiple publications (or sub-studies), only
the most recent publication was included, while the remaining
publications were used for supplemental information.

Information sources

All articles published up until May 2018 held on MEDLINE
(accessed via PubMed), Google Scholar, Scopus, Web of
Science, LILACS (“Latin American and Caribbean Health
Sciences Literature”), SCIELO (“Scientific Electronic
Library Online), COCHRANE Central Library, Open Gray,
as well as the bibliography cited in review and original papers
were searched. There was no language or filter restriction.

Search
The search strategy developed for PubMed is detailed in
Table S1.

Study selection

Two investigators (MAPV and FMV) independently evalu-
ated titles and abstracts of all articles retrieved by the search
strategy. All abstracts providing sufficient information

regarding inclusion and exclusion criteria were selected for
full-text evaluation. When abstracts did not provide adequate
information, the entire text was assessed. In the second phase,
the same reviewers independently evaluated these full-text
articles and made their selection in accordance with the
eligibility criteria. Disagreements between reviewers were
resolved by consensus, and, if a disagreement persisted, it
was resolved by a third reviewer (LCP). Patient recruitment
periods and areas were evaluated in order to avoid possible
double counting of patients included in more than one report
by the same authors/working groups. The same two reviewers
independently conducted data extraction, including method-
ological characteristics of the studies, kappa (k) agreement,
and related factors using standardized forms.

Risk of bias

Risk of bias and applicability were assessed in each study
according to the Quality Assessment of Diagnostic Accuracy
Studies (QUADAS)-2 scales.?? This instrument was devel-
oped to assess the quality of studies involving diagnostic
tests. Capable of distinguishing between bias and applica-
bility (the extent to which primary studies are applicable to
the review’s research question), the instrument comprises
domains (four for risks of bias and three for applicability),
which analyze 1) patient selection (“could the selection of
patients have introduced bias” and “are there concerns that
the included patients and setting do not match the review
question?”), 2) index test (“could the conduct or interpreta-
tion of the index test have introduced bias?” and “are there
concerns that the index test, its conduct, or its interpretation
differ from the review question?”), 3) reference standard
(“could the reference standard, its conduct, or its interpreta-
tion have introduced bias?”” and “are there concerns that the
target condition as defined by reference standard does not
match the question?”), and 4) patient flow and timing (“‘could
the patient flow have introduced bias?”). Studies are assessed
as being of high, low, or intermediate risk. Tabulation of the
results enables the context to be assessed, or studies with
lower risks to be selected, or heterogeneity ratios to be ana-
lyzed, including the production of meta-regression.

Data analysis

The outcome of meta-analysis is the summary effect or single
group’s summary. In this case, the outcome was combined
weighted kappa (k) agreement. Standard errors, variance, and
weighted effect size were calculated, and forest plots were
produced using the method described by Neyeloff et al.®
Using this model, it is possible to obtain the result of the
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meta-analysis of descriptive data through both fixed and ran-
dom effects. It also calculates heterogeneity and inconsistency
(Cochran’s Q test and 7 inconsistency test) and enables the
production of forest plots. Depending on the heterogeneity
and inconsistency results, Neyeloff et al*® proposed the use of
the random effects model when heterogeneity is above 50%
or when it is believed that there are significant differences
between populations. Thus, random effects measures were
adopted in our study, considering the differences among the
studied populations. Since variability was assumed to be due
not only to sampling errors but also to variability of effects
in the population, in this model the weight of each study was
adjusted with a constant (v) representing variability. Com-
parative analysis of the performance of the alternatives was
also assessed by means of a receiver operating characteristic

(ROC) curve, from the studies in which sensitivity and
specificity were published. Studies in which these data were
calculated at different stages/levels of a same disease (glau-
coma or diabetic retinopathy), we used the average of them.

Results

Description of studies

We identified 121 studies, nine of which are included in
this analysis, providing a total of 4,219 eyes analyzed
comparatively.?3? Figure 1 shows the flowchart for the
studies included, all of which are cross-sectional. Mean age
was 56.6 years (SDx8.5) and 1,924 (45.6%) were female. The
images were obtained on the same occasion in all cases, using
smartphones with different adapters and reference cameras or
retinal examination described by a retina specialist (Table 1).

Records identified through Additional records identified
§ database searching through other sources
E (n=121) (n=3)
E
k=
7]
=
y y
Records after duplicates removed
(n=94)
o
[
'c v
(]
g Records screened R Records excluded
n (n=46) (n=35)
Full-text articles assessed Full-text articles excluded,
for eligibility > with reasons
5 (n=11) (n=2)
3
=
i
— Studies included in
qualitative synthesis
(n=9)
o
(]
-]
=
2 Studies included in
- quantitative synthesis
(meta-analysis)
__J (n=9)

Figure | Flowchart of the studies.
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Table | Descriptive findings

Author (year) Design | Sample | Age Female | Standard Test Sensibility | Specificity
(n) (%) (%) (%)

Adam et al, 2015%* CS 188 NF NF Canon CR-1 HTC Rezound + NF NF
Mark Il lente 28D

Rajalakshmi et al, 2015% | CS 602 53.5 (9.6) 355 Carl Zeiss FF450 | Remidio adapter 92.7 98.4

Russo et al, 2015% CS 240 58.5 (16.4) | 542 Fundus Iphone 55+D-Eye 79.7 97.1
biomicroscopy

Ryan et al, 2015% CS 600 48 (11) 33 Nidek AFC-230 Iphone 5+20D lens | 59 100
Carl Zeiss FF450

Bastawrous et al, 2016 | CS 1,485 68 (55-99) | 47.9 DRS Haag Streit | Samsung SlII NF NF

GT-19300+ Peek

Ludwig et al, 2016% Cs 128 44 (27-56) | 31.7 Carl Zeiss Iphone 55+EyeGo + | NF NF
Visupac 2.2 Volk panretinal

Russo et al, 2016% Cs 107 535 (11.7) | 545 Fundus Iphone 55+D-Eye 69.7 95.9
biomicroscopy

Toy etal, 2016 CS 98 60.5 (6) 58 Fundus Iphone 55+ 91 99
biomicroscopy Paxos Scope +

VolkClearfield lens

Muiesan et al, 20173 Cs 104 67 (17) 50 Fundus IPhone 6+ D-Eye NF NF

biomicroscopy

Abbreviations: CS, cross section; n, number; NF, not found.

Combined kappa (k) agreement statistics were equal to
77.77% (95% CI: 70.34%, 83.70%), with negative hetero-
geneity measured by random effects (I’=—5.647 or equals
zero) (Figure 2). Sensitivity and specificity were reported
in five studies,”?”*! and some but not all of them were
calculated by the average of the different levels of severity
(Russo et al).?*** The area under the ROC curve for these five
studies was 0.86 and it has an 80% sensitivity and specificity
cutoff point (Figure 3).

Adam et al** (2015) analyzed 188 eyes in Philadelphia,
comparing images obtained by students and resident physi-
cians using smartphones and 20D lenses with photographic
fundus exams performed by professional photographers. Black
and pseudophakic patients had the lowest quality images.

Rajalakshmi et al* analyzed 602 eyes of diabetic patients
in India. There were no differences between either systems
in their capacity to diagnose the different stages of diabetic
retinopathy.

Russo et al*® assessed 240 eyes of diabetic patients in
Italy. Results obtained via smartphone were very similar
to the results of fundus biomicroscopy exams. Stratified
analysis of sensitivity (S) and specificity (SP) revealed: 1)
cases with macular edema (S) 81%, (SP) 98%; 2) no appar-
ent retinopathy (S) 96%, (SP) 90%; 3) moderate retinopathy
(S) 82%, (SP) 98%); 4) proliferative retinopathy (S) 89%, (SP)
100%; and 5) severe cases (S) 55% and (SP) 98%.

Ryan et al*’ assessed the diagnostic capacity of smart-
phones with regard to diabetic retinopathy in 600 eyes in the

Figure 2 Forest plot of the agreement between smartphones and retinal cameras.
Abbreviations: Q, heterogeneity among studies — fixed effects; I, between-studies variability (%)- fixed effects; Qv, heterogeneity among studies — random effects; I%v, between-
studies variability (%)- random effects; es, effect summary; Cl, confidence interval; SE, standard error; Cl lower, lower confidence interval; Cl upper, upper confidence interval.

Study Events s:::b Outcome SE Cl lower Cl upper

Adam MK et al, 2015% 141 188 0.75 0.0631613940799889 0.626203667603222 0.873796332396778 10 —&—

Rajalakshmi R et al, 2015% 542 602 0.900332225913621 0.0386725804877834 | 0.824533968157566 0.976130483669677 9 —8—

Russo A et al, 2015% 187 240 0.779166666666667 0.0569783097132389 0.667489179628718 0.890844153704615 8 —&—

Ryan ME et al, 2015% 426 600 0.71 0.0343996124009171 0.642576759694202 0.777423240305798 7 —&1

Bastawrous A et al, 20162 1,485 2,152 0.690055762081784 0.0179069227397748 0.654958193511826 0.725153330651743 6 —&

Ludwig CA et al, 2016% 107 128 0.8359375 0.0808131283811609 0.677543768372925 0.994331231627075 5 -TE—

Russo A et al, 2016% 67 107 0.626168224299065 0.0764986240361911 0.476230921188131 0.77610552741 4 —&—

Toy BC et al, 2016% 89 98 0.908163265306122 0.0962651135924143 0.71948364266499 1.09684288794725 3 —8—

Muiesan ML et al, 2017 83 104 0.798076923076923 0.0876003228763875 | 0.626380290239204 0.969773555914643 2 —

Summary 4,219 0.777544507482687 1 ;

0 — T 11

Q 33,0842721833087 Qv 6,62583534572462 es (random) 0,770186495058047 0 10 20 30 40 50 60 70 80 90 100
e 78,8419102550741 Pv —-5,647056329536 Cl (random) 0,703398970290236 0,836974019825858
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100 ROC curve images (170 smartphone images and 371 reference camera
| ] images).
/ Ludwig et al®® assessed the posterior segment of 128 eyes of
75 2] cases of different diseases in India. They obtained 84.4% high

Sensitivity
3

25

AUC= 0.859

0 25 50 75 100
1 — Specificity
Figure 3 ROC curve.

Note: Data from five studies.>27:303!
Abbreviations: AUC, area under the curve; ROC, receiver operating characteristic.

CAMRA Study (India). Diagnostic capacity was compared
using two techniques: non-mydriatic photography (Nidek
Model AFC-230) and fundus photography using a camera
(Zeiss FF450 Plus). About 84.7% of all smartphone images
were considered to be of excellent quality (vs 89% of the
non-mydriatic images and 99.2% of the mydriatic images),
although agreement was greater in the more advanced forms
of the disease. Mydriatic camera image agreement was
greater with smartphone images.

Bastawrous et al?® conducted the largest comparative
evaluation with a total of 2,152 optic discs examined in
Kenya. About 73.7% of the images were of high quality
regardless of the system used. In the comparative analysis
of the image quality, they found that in some cases only
one of the systems was considered to produce good quality

quality images when the examiner was an ophthalmologist,
greatly exceeding students or optometrists.

In Italy, Russo et al* assessed 107 optic discs of patients
with ocular hypertension and chronic open-angle glaucoma.
The agreement of the findings with the fundus biomicroscopy
exams (without mydriasis) was relevant. Sensitivity and spec-
ificity were calculated for each tenth of the difference in the
ratio between excavation and disc. Differences were found
for the ratios: 0.1: (S) 38%, (SP) 100%; 0.2: (S) 100%, (SP)
94%; 0.5: (S) 47%, (SP) 96%; 0.9: (S) 67%, (SP) 99%.

Toy et al’! assessed 98 eyes of patients with diabetes
mellitus in the US. Sensitivity (91%) and specificity (99%)
using a smartphone were very similar to those achieved by
fundoscopic and photographic exams.

Muiesan et al*? assessed 104 eyes of patients with
systemic arterial hypertension examined by students and
ophthalmologists in Italy. When compared to direct fundos-
copy, the smartphone was more capable of locating retinal
alterations.

Assessment of risk of bias

The majority of studies included in the review have low
risk of bias and good applicability (Figure 4). Ryan et al”’
defined sample size according to study time and resources
and excluded type 1 diabetics, cases aged under 18 years,
cases with no cardiovascular risks, gestational diabetes, and
opacity. Based on medical records, Ludwig et al® selected
patients attending a quaternary health service and excluded
12% of cases with dilation of <6 mm, with opacities, or

Flow and timing

[Jrow [JHigh [ unclear

Reference standard

Index test
Patient selection I I | |
T T T
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
Proportion of studies with low, high,
or unclear

Figure 4 Assessment of risk of bias.

CONCERNS regarding APPLICABILITY
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limited time for capturing images. Russo et al*” selected their
sample at a tertiary referral center and excluded cases with
higher refractive error and substantial media opacity.

Discussion

Agreement between images captured using smartphones and
images obtained by retinal cameras or by clinical fundoscopic
exams among adults was substantial in this meta-analysis,
regardless of the smartphone brand, lens used (20D, 28D), or
adapter. The same was true of the specificity and sensitivity
results reported in some of the studies. Russo presented
stratification of these results according to glaucoma or dia-
betic retinopathy stages and found oscillations, although in
more severe cases the rates were high.?3

The importance of this lies not only in the diagnostic
potential of a new examination tool but also in its use in
telemedicine with a much more accessible cost—benefit for
public policies, especially for populations with difficulties
in accessing specialized care. The smartphone is effectively
a reliable semiologic instrument for medical students and
health professionals, with short and simple learning and exe-
cution of the stages of ophthalmological examinations, such
as fundoscopy, measurement of visual acuity, assessment of
color blindness, among others. Posterior ophthalmoscopy—
biomicroscopy performed by specialists, or images acquired
using retinal cameras, are the diagnostic gold standard. The
clinical method requires longer and more specialized training
and equipment is expensive to purchase and maintain, and
these facts limit the supply of care to the population.?*3

Agreement was chosen as the comparative indicator to
be assessed in the different studies, quantifying proximity
between the standard references and the technique being
studied. Heterogeneity (random effects) was minimal
among the studies. Some images might have been sharper
using different resources, or when captured by professionals
with a greater or lesser degree of training, but even so the
standard system does not always provide the best results.”®
The posterior pole and the optic disc region had equivalent
images. This opens the perspective of a low-cost method,
portability, simple learning integrated with telemedicine
being adopted in any clinical, emergency, or population-
based medical and hospital care service.

Systematic reviews of diagnostic tests/resources have
particularities relating to their identification (non-uniform
indexing terms), evaluation of risk of bias, and the way
results are combined. Strictly speaking, what is intended is
to assess the performance of the resource, the quality of the
studies, and the reasons for the differences between them.

In the absence of clinical trials in the studies included in
this review, measurements for evaluating accuracy, such
as sensitivity, specificity, and odds ratios, were replaced by
comparing weighted kappa coefficient agreement. This is a
conservative statistical method that evaluates reproducibility
between data sets from the same sample assessed using differ-
ent methods, correcting associated agreement at random, and
is important during the stages of new resource validation. The
ROC curve showed very good overall accuracy of smartphone
ophthalmology, coming close to the top right hand corner of
the graph and having a good area under the curve.!8343

We decided to group together in this review studies using
different smartphones (models, brands, series), adapters (in
miosis, with lenses with different diopters fixed in different
layouts or held in the examiners’ hands), and populations
with and without previously known ophthalmological or
clinical diagnoses, with the aim of increasing the sensitivity
of the results with this technique. Pseudophakic cases, people
of black race, or very elderly were related to poorer quality
images.?* Comparative analysis does not exist for individuals
aged under 27 years, although there are reports of satisfac-
tory use in prematurity screening.'® All the studies included
were common in that they were submitted simultaneously to
a comparative gold standard by different examiners. Read-
ings were always taken with the inclusion of a third member
or a third person called to assist in cases of disagreement.
The meta-analysis produced a very consistent result as to the
technical validation of this resource.

The fundoscopic photography method using a cell phone
with a camera loses quality in the presence of media opacity or
low patient cooperation. The majority of the studies analyzed
used cell phone models that have already undergone substan-
tial changes in their photo and video systems, enabling count-
less focusing adjustments and enlargement. Some resources
are designed for use in miosis, but are lacking with regard
to the extent of the field examined. Mydriasis enlarges the
field, but has risks inherent to pupil dilation. Luminosity can
be adjusted and become more tolerable using photographic
applications or using linked systems. It should be highlighted
that there are no increased photobiological risks when using
cell phones and condensing lenses.*3® Images obtained
with binocular ophthalmology lenses (20D) capture a field
of <45 degrees. The combination of 60D lenses with a 90 mm
focal length lens and with the cell phone lens and specific
illumination can enable a larger field (92°) to be captured.®

The strength of this study lies in its broad and sensitive
search, with no language or filter restrictions and inclusion
of publications with faithful comparisons and very similar
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technical conditions. The measurement of effect and high
methodological quality are optimal prognosticators of
the validity of the method. Limitations include different
populations, resource standardization, and lack of prospec-
tive studies preventing evaluation of the technique’s value
in controlling evolution.

Conclusion

Fundoscopic images obtained using smartphones have
very strong agreement with clinical or photographical
examination gold standards. This resource may facilitate
learning about fundoscopy and also scale up patients’
access to medical care, given that the interpretation of the
findings can orient the priority of appointment booking and
swiftness in diagnosis and management. The tendency is to
present this resource in critical emergency care and also in
the assessment of underprivileged or remote populations,
bringing a considerable gain for public health policies
through its ability to ally with telemedicine.

Disclosure
The authors report no conflicts of interest in this work.
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Supplementary material

Table S| Search strategy used on databases

Search | Add to builder | Query Items found
#3 Add #| AND #2 121
#2 Add Search (“smartphone”[MeSH Terms] OR “Smart Phones” OR “Smart Phone” OR “Phone, Smart” 16,192
OR “Phones, Smart” OR “Phone, Cell”’[MeSH]) OR “Phones, Cell”OR “Cellular Phone” OR
“Cellular Phones” OR “Phone, Cellular” OR “Phones,Cellular” OR “Telephone, Cellular” OR
“Cellular Telephone” OR “Cellular Telephones” OR “Telephones, Cellular” OR “Cell Phones”
OR “Portable Cellular Phone” OR “Cellular Phone, Portable” OR “Cellular Phones, Portable” OR
“Portable Cellular Phones” OR “Transportable Cellular Phone” OR “Cellular Phone, Transportable”
OR “Cellular Phones, Transportable” OR “Transportable Cellular Phones” OR “Mobile Phone” OR
“Mobile Phones” OR “Phone, Mobile” OR “Phones, Mobile” OR “Mobile Telephone” OR “Mobile
Telephones” OR “Telephone, Mobile” OR “Telephones, Mobile”
#l Add Search (“Retina”[Mesh] OR “Fundus Oculi”[Mesh]) OR “Optic Disk”’[Mesh]) OR 2,75,146
“Optic Papilla’[Mesh]) OR ”Macula Lutea”’[Mesh]) OR “Optic Nerve Head” [Mesh])
OR “Ophthalmoscopes”’[Mesh]) OR “Diabetic Retinopathy”[Mesh]) OR “Retinal
Neovascularization”[Mesh]) OR “Microaneurysm”[Mesh]) OR “Microvessels”[Mesh]) OR
“Hypertensive Retinopathy”’[Mesh]) OR “Retinal Hemorrhage”[Mesh]) OR “Subretinal Fluid”[Mesh])
OR *“Papilledema”[Mesh]) OR “Macular Degeneration”[Mesh]) OR *“Retinal Drusen”[Mesh]) OR
“Ophthalmoscopy”’[Mesh]) OR “Glaucoma”[Mesh] OR “Diagnostic Techniques, Ophthalmological”
OR “retinopathy” OR “maculopathy”
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