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the PROSPERO database (CDR420251011626). Searches were conducted in six databases (Scopus,
Embase, Web of Science, MEDLINE, Cochrane Library, and LILACS). Studies using Al implemented
in smartphone-based imaging were included. Methodological quality was assessed using the Quality
Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool, and publication bias was evaluated
using Deeks'’ test. Statistical analysis was performed using a bivariate random-effects model to estimate
sensitivity, specificity, positive and negative likelihood ratios, diagnostic odds ratio, and the area under
the hierarchical receiver operating characteristic curve. Results: Ten studies were included, evaluating
a total of 5,370 eyes. Sensitivity and specificity were 91.4% and 89.4%, respectively. Diagnostic accuracy
was high (area under the curve: 0.956), and heterogeneity was low. Conclusions: Artificial intelligence
applied to smartphone-derived images appears promising for diabetic retinopathy screening, particularly
in settings with limited access to ophthalmologists.

PALAVRAS-CHAVES: RESUMO
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MEDLINE, Cochrane Library e LILACS). Foram incluidos estudos que utilizaram inteligéncia artificial
acoplada a smartphones. A qualidade metodolégica foi avaliada com a ferramenta Quality Assessment
of Diagnostic Accuracy Studies (QUADAS-2) e o viés de publicacéo foi investigado pelo teste de Deeks.
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totalizando 5.370 olhos avaliados. A sensibilidade foi de 91,4% e a especificidade de 89,4%, com alta
acurdcia diagnoéstica (area sob a curva de 0,956) e baixa heterogeneidade. Conclusoes: Conclui-se
que o uso de inteligéncia artificial em imagens de smartphones é promissor na triagem da retinopatia
diabética, especialmente em contextos com acesso limitado a oftalmologistas.

Corresponding author: Antomir S. Pereira. Email: psantosant@gmail.com
Received on: January 10, 2023. Accepted on: November 12, 2025.
Funding: The authors declare no funding. Conflicts of interest: The authors declare no conflicts of interest.

How to cite: Pereira AS, Moreira JG, Cavalcante Filho RC, Neves VR, Stropp DR, Bezerra HL. Clinical application of artificial intelligence to smartphone-captured images for screening
diabetic retinopathy: A systematic review and precision meta-analysis. eOftalmo. 2024;10(3):122-31.

DOI: 10.17545/eOftalmo/2024.0022
This content is licensed under a Creative Commons Attribution 4.0 International License.

eOftalmo. 2024;10(3):122-31.



10.17545/eOftalmo/2019.0022

Clinical application of artificial intelligence to smartphone-captured images for screening diabetic retinopathy:

INTRODUCTION

Diabetes mellitus (DM) is a group of metabolic
diseases characterized by hyperglycemia!. Currently,
around 537 million people are living with diabetes,
and this number is expected to surpass 750 million
by 2045, with 23 million of them in Brazil alone?.
Hyperglycemia has damaging effects on the eyes?,
making diabetic retinopathy (DR) the most common
complication of DM and one of the leading causes of
avoidable blindness in the productive adult popula-
tion*. DR is a microangiopathy involving microvas-
cular obstruction or leakage and occurs in patients
with chronic, uncontrolled blood glucose. After two
decades of disease, it is found in more than 95% of
patients with type 1 DM and in more than 60% of
those with type 2 DM?,

In recent years, advances have been made both in
the development of medical tools and in awareness
of the importance of DR screening, especially in de-
veloped countries®. In these countries, dilated fundus
examination, considered the gold standard for DR
screening, plays a fundamental role in early detection
of the disease. It helps prevent serious complications,
including blindness, and contributes to significant re-
ductions in healthcare costs for patients with DM’8,
However, its accuracy is considerably lower when per-
formed by non-specialist physicians®.

In this context, the use of artificial intelligence
(AI) has emerged as a lower-cost alternative, as it
enables automated analysis of large volumes of re-
tinal images and reduces dependence on specialists
for initial screening. One important application of
this technology is the use of smartphone-attached
cameras, which offer a portable and affordable so-
lution that expands access to early DR detection in
resource-limited settings’.

Although several studies have explored the
effectiveness of AI and portable devices for DR
screening, results remain variable. A systematic
review with meta-analysis of six studies evaluated
Al-based DR screening using smartphones in 3,931
eyes, with most studies conducted in India (five) and
one in Brazil'®. Although that review contributed
to understanding AI’s role in this context, it had
limitations, including limited geographical diversity
and a small number of Al programs evaluated.

More recently, with the growing popularity of Al,
there has been a significant increase in studies as-
sessing Al for disease screening, especially for DR,
reflecting the expanding use of this technology in
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diverse scenarios. Compared to the aforementioned
systematic review with meta-analysis'?, the present
review offers a broader scope, including 5,370 eyes
and a more diverse set of studies from five countries:
Armenia (one study), Brazil (two), Dominica (one),
Mexico (one), and India (five). This greater heteroge-
neity makes the evaluation more representative of Al
performance across different populations and health
systems, supporting broader generalization of the re-
sults. Furthermore, to date, no meta-analyses on this
topic have been published in Portuguese, reinforcing
the need for an updated review to fill this gap.

Therefore, the aim of this meta-analysis was
to systematically evaluate the diagnostic accuracy
and clinical performance of Al-based tools for DR
screening. The analysis of these findings will con-
tribute to a better understanding of AI’s role in DR
screening and may support the implementation of
effective strategies in clinical practice, particularly in
resource-limited settings.

METHODS

This systematic review and meta-analysis was
conducted in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses of
Diagnostic Test Accuracy (PRISMA-DTA) guidelines!!.
The study protocol was previously published and is
registered with PROSPERO (CDR420251011626).

Search strategy

A comprehensive search was performed in several
databases, including Scopus, Embase, Web of Scien-
ce, MEDLINE, Cochrane Library, and LILACS, up
to January 28, 2025. Boolean operators were applied
appropriately to link the different keywords, and Me-
dical Subject Headings (MeSH) were extensively in-
corporated to ensure search breadth.

The search strategy was: (“diabetes” OR “diabe-
tes complications” OR “diabetic retinopathy” OR
“diabetic” OR “diabetic complication”) AND (“arti-
ficial intelligence” OR “neural network” OR “predic-
tive algorithm” OR “deep learning” OR “deep neural
network” OR “DNN” OR “machine learning” OR
“deep Bayesian” OR “bimodal learning” OR “contrast
learning” OR “pyramid learning” OR “convolutio-
nal neural network” OR “CNN”) AND (“smartpho-
ne” OR “smartphone-based” OR “mobile-based” OR
“handheld” OR “iPhone” OR “mobile camera” OR
“mobile”).

eOftalmo. 2024;10(3):122-31.




Pereira AS, et al.

Selection criteria

The selection criteria followed the PICOT fra-
mework: 1. Patients with type 1 or type 2 diabetes
mellitus, of any age and from any location. 2. Use
of smartphones coupled with optical adapters and
AT algorithms for DR screening. 3. Ophthalmoscopy
performed by specialists. 4. Primary diagnostic para-
meters: True Positive (TP), False Positive (FP), False
Negative (FN), and True Negative (TN). 5. Diagnostic
accuracy studies, diagnostic clinical trials, and obser-
vational implementation studies published in Portu-
guese or English, with no time restriction.

Studies were excluded if they met any of the
following criteria: 1. Systematic reviews and meta-
analyses. 2. Case reports or case series. 3. Editorials
or letters to the editor. 4. Conference abstracts. 5.
Lack of a wvalid reference standard. 6. Absence of
quantitative diagnostic accuracy data.

Study selection was performed independently by
two authors using the Rayyan platform to minimize
selection bias'2. When eligibility could not be deter-
mined based on the title and abstract alone, full texts
were reviewed. Any disagreements were resolved with
the involvement of a third, more experienced author.

Data extraction

Data extraction was conducted independently by
two authors, and any disagreements were resolved by
consensus. Data were collected using Microsoft Excel.

Extracted information included key methodologi-
cal and clinical characteristics of the studies: study
name (author and year), study country, study design,
total sample size (n), number of unclassifiable indivi-
duals, gender distribution (female/male), mean par-
ticipant age (in years), use of mydriasis, number of
photographic fields per eye, Al program used, referen-
ce standard applied, and diagnostic parameters (TP
FP, FN, and TN).

Methodological quality

The methodological quality of the included stu-
dies was assessed using the Quality Assessment of
Diagnostic Accuracy Studies-2 (QUADAS-2) tool'?,
which evaluates risk of bias and applicability across
four domains: flow and timing, reference standard,
index test, and patient selection.

Risk-of-bias assessment was conducted indepen-
dently by two authors, with differences resolved by
consensus.

Publication bias was evaluated using Deeks’ fun-
nel plot asymmetry test, which is specific for biva-
riate meta-analyses of diagnostic accuracy. A p-value
<0.1 was considered indicative of publication bias.

Statistical analysis

Statistical analyses were performed using RStudio
software (version 4.4.2). A bivariate random-effects
meta-analysis model was used to jointly assess sen-
sitivity and specificity. Heterogeneity was evaluated
using an adapted I2 statistic for bivariate models, as
proposed by Zhou and Dendukuri'*. Fixed effects
(sensitivity and specificity), their correlation, the po-
sitive likelihood ratio (LR+), and the negative like-
lihood ratio (LR—) were also calculated.

A hierarchical summary receiver operating charac-
teristic (HSROC) curve was generated to summarize
diagnostic performance, and the area under the curve
(AUC) was used to assess overall model accuracy.

The diagnostic odds ratio (DOR) was calculated
and presented in a forest plot, with heterogeneity as-
sessed using I2 and the Q-test.

A significance level of 5% was applied to all sta-
tistical analyses.

RESULTS

Study selection

A systematic search was conducted in six data-
bases (Scopus, Embase, Web of Science, MEDLINE,
Cochrane Library, and LILACS), which initially
identified 2,814 potentially relevant records. After
removing 1,165 duplicate articles, 1,649 unique
records remained. Of these, 1,478 were excluded
during title and abstract screening. The full texts of
the remaining 171 articles were assessed, and 161
were excluded because they did not meet the inclusion
criteria. Ultimately, 10 studies were included in the
final meta-analysis®!>?%, The study selection process
is illustrated in Figure 1, following the PRISMA
flowchart format.

Characteristics of the studies

As shown in Table 1, a total of 10 eligible studies
published between 2018 and 2024 were included,
representing 5,370 eyes, with sample sizes ranging
from 231 to 1,378 participants. The number of
unclassifiable images varied across the studies,
with minimum values of 0 and maximum values
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of 145. One study was analyzed using two different
approaches and is referred to as Wroblewski 2023 [A]
and Wroblewski 2023 [B] throughout the analyses.

The studies were conducted in several countries,
including Armenia, Brazil, Dominica, Mexico, and
India. Regarding study design, five were cross-sec-
tional, four were retrospective, and three were pros-
pective, with two employing a mixed approach that
combined prospective and cross-sectional designs®??.

The use of mydriasis for image acquisition varied,
being applied in eight studies®!>17-202223  The num-
ber of photographic fields per eye ranged from two
to more than four, with all studies capturing at least
two fields.

The Al programs evaluated included a variety of
algorithms and software systems such as Medios Al-
DR, EyeArt, PhelcomNet, and RAS + DRAS. In all
studies, the reference evaluation was conducted by a
human grader.

Quality assessment
The methodological quality of the included
studies was assessed using the QUADAS-2 tool'?,
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and the results are presented in Figure 2. Among
the 10 included studies®!*?3, two showed unclear
risk in the flow and timing domain'>?°, and three
were considered to have unclear risk in the patient
selection domain?%2%23,

Regarding applicability, although some concerns
were noted, particularly in the areas of patient selec-
tion and flow and timing, the overall quality of the
studies was considered acceptable for clinical inter-
pretation of the findings.

Results of effectiveness

A bivariate random-effects meta-analysis was per-
formed (Figure 3). The fixed-effect coefficients indica-
ted a mean sensitivity of 0.914 (95% CI: 0.871-0.944)
and a mean specificity of 0.894 (95% CI: 0.840-0.931).
The estimated LR+ was 8.64 (95% CI: 5.59-13.36)
and the LR— was 0.10 (95% CI: 0.06-0.15).

Variability among the studies was represented
by a standard deviation of 0.705 for sensitivity and
0.758 for specificity. The correlation between these
metrics was high (0.946), indicating a strong depen-
dence between them.

[ Identification of studies through database searches ]
Records (n = 2814) identified
through the following databases:
g Scopus (n = 1005)
-] Embase (n = 845)
2 Web of Science (n =562)
b= MEDLINE (n = 312)
g Cochrane Library (n = 74)
- LILACS (n = 16)
—
—\ A 4
Records after duplicate removal:
o (n = 1649)
o
S
@
5
n Records excluded after title and
»| abstract screening:
(n =1478)
| S—
' A 4
Records eligible for full-text
2 assessment:
3 (n=171)
>
[}
Records excluded:
— Did not use Al-based programs (n = 73)
) > Inappropriate publication type (n = 40)
Did not involve smartphone use (n = 31)
g Inadequate study design (n = 17)
g v
= Total records included:
= (n=10)
—

Figure 1. PRISMA flow chart illustrating the study selection process.
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The AUC was 0.956, demonstrating high overall
diagnostic performance of the models. Heterogeneity
assessed via 12 was 18.3%, indicating low heterogeneity.

The diagnostic odds ratio (DOR) estimated by
the random-effects model was 94.16 (95% CI: 71.88-
123.35), indicating high discriminative capacity of the
diagnostic tests. Heterogeneity was low, with 12 = 1
5.8% and a Q-test p-value of 0.2934, suggesting no
substantial variability among the included studies
(Figure 4).

Publication bias
The Deeks’ funnel plot asymmetry test (Figure 5)
did not show evidence of significant publication bias

Clinical application of artificial intelligence to smartphone-captured images for screening diabetic retinopathy:
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(p = 0.632), suggesting that the absence of negative
or lower-impact studies does not compromise the va-
lidity of the meta-analysis findings.

DISCUSSION

The aim of this systematic review and meta-
analysis was to evaluate the effectiveness of Al
programs applied to images captured by smartphones
for DR screening. By compiling and critically analyzing
relevant studies, this review sought to provide
insights that may assist healthcare professionals in
making informed decisions about incorporating these
technologies into clinical practice.

Proportion of Studies' Risk of Bias (%) by Assessment Level

Flow and Timing

.é Reference Standard
§
8 Index Test
Patient Selection ]
0 25 50 75
Proportion
Proportion of Study Applicability (%) by Level of Concern

Reference Standard
7]
£
g Index Test
S
[a]

Patient Selection

Risk

50
Proportion

vigh [l Low

75 100

Uncertain

Figure 2. Assessment of the risk of bias and applicability of the included studies using the QUADAS-2 tool.

Random-Effects Meta-analysis

o ] -
.
g e
z 9
3 o e
=4 -
o < _| -
@ o - —— HSROC Curve
---- Random Performance
o~ | ® Individual Studiess
i 4 Summary Point
Confidence Region (95%)
o | Prediction Region (95%)
e b T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity

Figure 3. Hierarchical summary receiver operating characteristics curve (HSROC).
AUC: Area under the curve; HSROC: Hierarchical summary receiver operating characteristic.
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The results demonstrated high diagnostic accu-
racy, with a sensitivity of 0.914 (95% CI: 0.871-0.944)
and specificity of 0.894 (95% CI: 0.840-0.931). The
LR+ was 8.64 (95% CI: 5.59-13.36) and the LR- was
0.10 (95% CI: 0.06-0.15), indicating strong ability to
confirm and exclude disease. Variability among the
studies was moderate (SD = 0.7 for both metrics),
and the correlation between sensitivity and specificity
was high (0.946). The AUC of 0.956 and the DOR of
94.16 (95% CI: 71.88-123.35) further demonstrated
excellent discriminative performance. When com-
pared to the IDx-DR device, the first US Food and

Drug Administration (FDA)-approved medical device
using Al to detect DR in adults with diabetes, which
achieved a sensitivity of 0.874 and a specificity of
0.895%, the slightly higher sensitivity observed in the
present analysis suggests that smartphone-based Al
programs may be a valuable alternative for large-scale
screening.

Comparing these findings with a previous meta-
analysis?!, which reported sensitivity and specificity
of 0.88 and 0.915 respectively for detecting any DR,
reveals similar values, with slightly higher sensitivity
in the present study. This may suggest better ability

Study TP FP FN TN DOR (TP * TN)/(FP * FN) 95% ClI
Rao et al. (2024) 142 195 7 283 105.639 [46.817; 238.365]
Malerbi et al. (2024) 152 165 16 142 : 92.077 [42.676; 198.664]
Kemp et al. (2023) 175 202 40 333 ——— | 47 477 [28.146; 80.085]
Wroblewski et al. (2023) [A] 121 128 8 120 — & 242.000 [84.988; 689.085]
Wroblewski et al. (2023)[B] 77 87 5 69 98.560 [32.044; 303.144]
Malerbi et al. (2022) 180 371 4 308 ———+——— 71.623 [26.160; 196.099]
Jain et al. (2021) 123 204 15 1166 — 116.521 [65.145; 208.414]
Sosale et al. (2020) [1] 105 113 16 184 — 137.812 [66.990; 333.257]
Sosale et al. (2020) [2] 210 239 42 661 — = 106.724 [64.834; 175.681]
Natarajan et al. (2019) 23 38 4 176 «—=—F—— 65.933 [20.145; 215.792]
Rajalakshmi et al. (2018) 183 204 8 92 — 91.500 [38.941; 215.001]
Overall Effect 1491 1946 165 3534 <> 94.163 [71.881; 123.352]
Heterogeneity 12 = 15.8%, p = 0.2934 r T T TTTm
50 150 250 450 750
Estimated Effect
Figure 4. Forest plot of the diagnostic odds ratio (DOR) for the diagnosis of any DR.
Deeks’ Funnel Plot Asymmetry Test
o
w ° p-value = 0.632
e |
© °
x
o °
[a] ° °
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Figure 5. Deeks’ funnel plot asymmetry test.
DOR: diagnostic odds ratio; ESS: effective sample size.
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to confirm disease. Additionally, the LR+ in the
present study (12.2) was higher, indicating stronger
rule-in capability, while the LR— values were near-
ly identical (0.11), showing comparable effectiveness
in excluding DR. The DOR of the previous analysis
was 111.7, that is, higher than that of the present
meta-analysis (94.16), suggesting that the previous
models had slightly better diagnostic discrimination.
However, the differences were not substantial, and
both studies point to a high performance of Al algo-
rithms in screening for DR.

The assessment of the risk of bias using QUADAS-2
showed that most studies presented low risk in the
“Reference Standard” and “Index Test” domains, in-
dicating methodological robustness in these aspects.
However, the “Patient Selection” domain showed a
significant proportion of studies with high or unclear
risk of bias, which may limit the external validity of
the results. With regard to applicability, the elevated
level of concern in some studies suggests that the fin-
dings should be interpreted with caution in specific
clinical contexts. It is recommended that future re-
search prioritize study designs that minimize these
biases to ensure greater sample representativeness.

The incorporation of Al into DR screening could
have a significant impact on optimizing workflows
in settings that lack technological resources and spe-
cialized staff, enabling more efficient diagnosis and
referral to secondary care by ophthalmologists. Be-
cause DR affects approximately one in three people
with diabetes?, its early detection is essential to pre-
vent severe complications such as blindness. Howe-
ver, diagnosing the disease can be challenging, as it
may be confused with neurological disorders or other
ophthalmic pathologies®.

Thus, the clinical application of AI in DR scree-
ning has emerged as a fundamental tool for reducing
diagnostic errors and increasing accuracy in initial
assessments. Although the automated and accessible
assessment provided by Al using smartphone images
was not directly compared with methods such as re-
tinography or optical coherence tomography in this
meta-analysis, it appears to be a promising strategy
for optimizing DR screening, especially in resource-
-limited settings®”?¢.

The use of this new screening method, particular-
ly its incorporation into primary care, which serves
the majority of patients with diabetes in Brazil, could
result in effective implementation and a favorable
cost-benefit for the country by facilitating diagnostic
access. However, future studies are needed to eva-
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luate cost-effectiveness in greater depth and to guide
health policies®.

Despite promising advances, further research
must be conducted in larger centers to evaluate Al
and its clinical application in DR, thereby ensuring
its safe and effective implementation. Finally, the fin-
dings reinforce the potential of Al as a support tool
to assist physicians in DR screening, enabling appro-
priate referral with the aim of reducing the burden
on specialized services and improving outcomes for
individuals with diabetes.

In conclusion, this systematic review with meta-
analysis provides important insights into the appli-
cability of AI using images captured by smartphone
devices for diabetic retinopathy screening. The per-
formance of AI in DR screening was shown to be
excellent, with high sensitivity and specificity. The
potential of AI to help detect diabetic retinopathy
(though not to determine its severity) was demons-
trated, particularly in settings where specialized care
is limited.

In addition, the incorporation of this technology
can optimize workflows in primary care and allow
more efficient referral for specialist assessment. The-
refore, the results presented herein are promising;
however, future research involving trials in larger
centers with a higher number of participants and gre-
ater population heterogeneity is necessary to confirm
these findings and support broader and safer clinical
implementation.
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