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Abstract
Objectives: To systematically review the accuracy of artificial intelligence (AI)-based systems for grading of fundus images in

diabetic retinopathy (DR) screening.

Methods: We searched MEDLINE, EMBASE, the Cochrane Library and the ClinicalTrials.gov from 1st January 2000 to 27th

August 2021. Accuracy studies published in English were included if they met the pre-specified inclusion criteria. Selection of

studies for inclusion, data extraction and quality assessment were conducted by one author with a second reviewer independ-

ently screening and checking 20% of titles. Results were analysed narratively.

Results: Forty-three studies evaluating 15 deep learning (DL) and 4 machine learning (ML) systems were included. Nine systems

were evaluated in a single study each. Most studies were judged to be at high or unclear risk of bias in at least one QUADAS-2

domain. Sensitivity for referable DR and higher grades was ≥85% while specificity varied and was <80% for all ML systems and in

6/31 studies evaluating DL systems. Studies reported high accuracy for detection of ungradable images, but the latter were ana-

lysed and reported inconsistently. Seven studies reported that AI was more sensitive but less specific than human graders.

Conclusions: AI-based systems are more sensitive than human graders and could be safe to use in clinical practice but have

variable specificity. However, for many systems evidence is limited, at high risk of bias and may not generalise across settings.

Therefore, pre-implementation assessment in the target clinical pathway is essential to obtain reliable and applicable accuracy

estimates.
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Background
Diabetic retinopathy (DR) is one of the most common complica-
tions of diabetes. Screening for DR aims to identify and monitor
patients with more advanced forms of DR, so that treatment can
be administered when it is most effective.1 Furthermore, screen-
ing might have indirect benefits, by increasing patients’ aware-
ness and motivation, leading to better management of diabetes
and slower progression of DR.2–4 Diabetic eye screening pro-
grammes (DESP) are cost-effective relative to no screening5

and data from epidemiological studies suggest that they are
effective in reducing progression to proliferative DR (PDR)
and preventing visual loss.6–8 However, they are costly to run
and require a highly trained workforce and accessible diabetes
and eye care services. Even well-established programmes,
such as those in the UK, face challenges due to the increasing
number of patients with diabetes.9

In recent years, attempts to improve the efficiency of DESPs
focused mainly on risk-stratified screening9,10 and the introduc-
tion of artificial intelligence (AI)-based automated retinal
imaging assessment systems (ARIASs). In 2011, the first
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ARIASs were introduced in the Scottish and Portuguese
DESPs to rule out DR prior to human grading. Given the
large proportion of patients with normal images11 and the
low risk of the software missing clinically significant DR,
both implementations were considered successful.12,13

However, despite the initial success and the increasing inter-
est that followed the advent of deep learning (DL) algorithms,
the introduction of ARIASs in clinical practice has been slower
than expected and there are still concerns about the safety, cost-
effectiveness and overall impact of AI-based screening. The
current paper provides an up-to-date review of the accuracy
and safety of ARIASs that are in the final stages of their clinical
evaluation. It is based on the results from a larger project
commissioned by the UK National Screening Committee
(NSC) which, among its other components, included a system-
atic review of the accuracy of ARIASs. The review protocol
was registered on PROSPERO (CRD42020200515) and any
amendments are detailed and justified below.

Methods
We developed a search strategy combining free text and
medical subject headings for ‘diabetic retinopathy’, ‘screening’
and ‘ARIAS’ (Supplemental material, Table S1) and searched
MEDLINE (via OvidSp), EMBASE (via OvidSp), the Cochrane
Library (CDSR and CENTRAL) and ClinicalTrials.gov (U.S.
National Library of Medicine) from 1st January 2000 to 27th
August 2021. In addition, we searched the reference lists of all
included studies and relevant papers and contacted experts to
check for additional titles.

English-language papers were included if they reported an
evaluation of ARIAS in an external dataset (i.e. different
from the one used for development); participants were ≥12
years of age; had type 1 or 2 diabetes; and underwent standard
fundus photography to detect DR. The review was commis-
sioned to inform a discussion on the use of ARIASs in the
UK and, therefore, the original analysis published in the pro-
ject’s report14 focused on studies applicable to the UK
DESPs. The analysis presented here is not restricted to
UK-relevant studies and has a slightly different focus: on the
accuracy of ARIASs that are commercially available, licensed
for clinical use or evaluated in a ‘clinically plausible dataset’
(defined as a dataset obtained from a well-characterised
cohort of patients from the target population). When an evalu-
ation in multiple datasets was reported, we included only the
results from the most clinically relevant cohort. The other dif-
ferences between the original and current analysis are as
follows: (1) we excluded studies in which the ARIAS was
used only as a decision aid in manual grading; (2) we excluded
ARIASs evaluated only in publicly available datasets or poorly
characterised datasets as those are more characteristic of the
earlier stages of the evaluation process; (3) we excluded
studies reporting accuracy at lesion level only or when no sen-
sitivity and specificity estimates were reported or could be cal-
culated from the published data; (4) we excluded conference
abstracts or similar publications as those do not report study
methods and results in sufficient detail.

Search results were imported into EndNote X8.2 (Thomas
Reuters). A single reviewer carried out the screening of titles/
abstracts and full text, with a second reviewer screening inde-
pendently 20% of the titles at each level and resolving disagree-
ments through discussion. This process was repeated for data
extraction and methodological quality appraisal. The latter was
carried out using the QUADAS-2 tool15 and QUADAS-2C
extension for comparative studies.16 While in the original ana-
lysis applicability was assessed against the UK DESP, here we
adopted broader criteria that reflect the variation across screening
programmes (Tables S2 and S3). Given the small number of
studies evaluating each ARIAS and the considerable clinical het-
erogeneity and high risk of bias, we summarised the results in
tables and by plotting them in the Receiver Operating
Characteristics (ROC) space and analysed them narratively.
When not reported in the study, confidence intervals were recal-
culated from the accuracy estimates, prevalence and sample size.
Review Manager 5.4.1 (The Cochrane Collaboration, 2020) was
used to create the ROC plot and to calculate the confidence inter-
vals around the sensitivity and specificity estimates.

Results
Our database searches identified 3309 records. Of those 854
were duplicates; 2455 were screened at title/abstract level and
387 were assessed at full text. The agreement (Cohen’s
kappa) between the reviewers who conducted the screening
was 0.79 (titles/abstracts) and 0.83 (full text). Ultimately, 43
papers were included in the current analysis (Figure S1).
Studies excluded at full text, with reasons for exclusion, are
provided in Table S4.

Study characteristics
The studies evaluated 15 DL-based and 4 traditional machine
learning (ML)-based systems11,17–27; both DL and ML ver-
sions of EyeArt were included. Two studies reported
head-to-head comparison of more than one system.22,27 Nine
systems were evaluated in a single study each; and only six
were evaluated in ≥3 studies (Table S5). The populations
from which the external datasets were drawn were from the fol-
lowing countries: Australia, Chile, China, Denmark, France,
India, Italy, New Zealand, Poland, Portugal, Singapore,
Spain, Thailand, the Netherlands, UK, USA and Zambia. Ten
studies recruited participants prospectively, with another
three28–30 implying, but not explicitly claiming, a prospective
design. Seven studies compared head-to-head the accuracy of
the system to that of human graders not involved in the refer-
ence grading.25,31–36 Only five studies were conducted inde-
pendently from the developer/manufacturer22,27,29,37,38; and
another one appeared to be an independent evaluation but
without stating this explicitly26 (Table 1).

The sample size ranged from 8323 to 107,001 participants.44

Most of the studies included patients enrolled in DESPs or out-
patient diabetes clinics. However, the inclusion criteria and
patient characteristics varied considerably and were reported
inconsistently. In particular, studies varied on patient age as
an eligibility criterion (range ≥12 to >40 years of age), and
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with respect to the distribution of age, race/ethnicity, duration
of diabetes and HbA1c level in the included patients. The
prevalence of referable diabetic retinopathy (RDR) ranged
from 1%30 to 47%29 suggesting considerable variation in the
distribution of DR grades across study samples.

Methodological quality
The methodological quality of the included studies is sum-
marised in Table 2. Only 11/43 studies were judged to be at

low risk of bias in the patient selection domain and 29/43
and 26/43 in the reference standard and flow & timing
domains, respectively. In contrast, all but four studies were
found to be at low risk of bias in the index test domain. The
main issues were failure to include a representative sample
of the target population at patient and/or image level (e.g. con-
venience sampling, not reporting the method of sampling in
sufficient detail or excluding images of low quality); failure
to meet the reference standard criterion of at least two inde-
pendent experts grading each image; and exclusion of

Table 2. Methodological quality of included studies using the QUADAS-2 checklist.

ARIAS Study PS: RB PS: A IT: RB IT: A RS: RB RS: A F&T: RB

Airdoc (DL) He 2020 Unclear Low Low Low Low Low High

Cen 2021 (DL) Cen 2021 Unclear Unclear Low Unclear Low Low High

DAPHNE (DL) Al Turk 2020 Unclear Unclear Low Low Unclear Low Unclear

DART (DL) Arenas-Cavalli 2021 High Low Low Low High Low Low

DeepDR (DL) Dai 2021 Unclear Unclear Low Low Low Low Unclear

DLA (DL) Baget-Bernaldiz 2021 Low High Low Low Low Low High

DLA (DL) Romero-Aroca 2020 Low Low Low Low Unclear Low High

EyeArt v1 (ML) Bhaskaranand 2016 Unclear Low Low Unclear High Low Low

EyeArt v2 (DL) Bhaskaranand 2019 High Low Low Low Low Low Low

EyeArt v2 (DL) Heydon 2020 Low Low Low Low Low Low Low

EyeArt v2 (DL) FDA 2020 High Low Low Low Low Low Low

EyeArt v2 (DL) Liu 2020 Unclear Low Low Low High Low Low

EyeArt v2 (DL) Olvera-Barrios 2020 High Low Low Low Low Low Low

EyeArt v2 (DL) Sarao 2020 Unclear Low Low Low Low Low High

EyeGrader (DL) Keel 2018 High Low Low Low Unclear Unclear Unclear

EyeGrader (DL) Li 2018 High High Low Low High Low Low

EyeWisdom (DL) Ming 2021 Unclear Low Low Low Low High Low

Google (DL) Gulshan 2016 Unclear Low Low Low Low Low Low

Google (DL) Gulshan 2019 High High Low Low Low Low Low

Google (DL) Krause 2018 Unclear Low Low Low Low Low Unclear

Google (DL) Raumviboonsuk 2019 Unclear Low Low Low Low Low High

IDx-DR (DL) Abramoff 2016 High Low Low Low Low Low Low

IDx-DR (DL) Abramoff 2018 High Low Low Low Low Low Low

IDx-DR (DL) Shah 2020 High Low Low Low Low Low High

IDx-DR (DL) van der Heijden 2018 High Low Low Low Low Low High

IDx-DR (DL) Verbraak 2019 High Low Low Low Low Low High

iGradingM (ML) Fleming 2010a Low Low Low Low Low Low Low

iGradingM (ML) Fleming 2010b High Low Low Low Low Low Low

iGradingM (ML) Goatman 2011 Low Low Low Low Low Low Low

iGradingM (ML) Philip 2007 Low Low Low Low High Low Low

iGradingM (ML) Soto-Pedre 2015 Low Low Low Low Low Low High

Kanagasingam 2018 (DL) Kanagasingam 2018 Low Low Low Low High Low Low

RedCAD (DL) Gonzalez-Gonzalo

2020

High Low Low Low Unclear Low Unclear

RetinaLyze (ML) Bouhaimed 2008 Low Low Low Low Low Low Low

RetinaLyze (ML) Hansen 2004 High Low High Low Low High Low

RetmarkerSR (ML) Figueiredo 2015 High Low Unclear Low Low Low Low

RetmarkerSR (ML) Oliveira 2011 High Low High Low Low Low Low

RetmarkerSR (ML) Ribeiro 2015 Low Low Low Low Low Low Low

SELENA (DL) Bellemo 2019 Unclear Low Low Low High Low High

SELENA (DL) Ting 2017 Unclear Low Low Low High Low Low

Visiona (DL) Ramachandran 2018 High Low High Low High Low High

EyeArt v1 (ML), RetmarkerSR (ML),

iGradingM (ML)

Tufail 2016 Low Low Low Low Low Low Low

IDx-DR (DL), Retinalyze (ML) Grzybowski 2021 High Low Low Low High Low Low

A: applicability; ARIAS: artificial intelligence-based automated retinal imaging assessment system; DL: deep learning; I: index test domain; ML: machine learning; PS:

patient selection domain; RB: risk of bias; RS: reference standard domain; F&T: flow and timing domain.
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technical failures from the analysis. Most of the studies were
judged to be at low risk of applicability concerns across all
three domains.

Test accuracy of ARIASs
The results for RDR are summarised in Figure 1 and Table 3;
Tables S6 and S7 detail sensitivity, specificity, and positive and
negative predictive values arranged by prevalence of DR in the
study samples. In addition, Table S8 details accuracy at other
thresholds and factors affecting accuracy. RDR was commonly
defined as a moderate or worse non-proliferative DR (NPDR) or
diabetic macular oedema (DMO). All but two studies54,55 reported

sensitivities ≥85%. Specificity estimates, on the other hand, varied
widely ranging from 20%27 to 100%.42 All 13 studies evaluating
ML systems reported specificities <80%, compared to only 6 of
the 31 studies evaluating DL systems (Figure 1, Table 3).

RDR covers a range of retinopathy grades, from moderate
NPDR which usually requires only close monitoring, to PDR
where urgent hospital assessment and treatment might be
needed. Since the distribution of grades in the false negatives
could vary, sensitivity estimates are insufficient to fully character-
ise the safety of the system. Hence, we also report the characteris-
tics of the false negatives (Table 3) and the accuracy of the systems
for detecting higher grades (Table S8). Most studies reported that
at the RDR threshold no higher grades of DR were missed or their

Figure 1. Summary ROC plot of study-level sensitivity and specificity by AI system (given the clinical and methodological variability across

studies, the results should not be interpreted as an indication of the comparative accuracy of the systems).
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Table 4. Studies comparing directly (in the same sample) the test accuracy of ARIAS and human graders not involved in the reference grading.

ARIAS: study and

country

1. Study design

2. Dataset

3. RS Comparator

Accuracy of human graders,

% (95% CI)

Accuracy of ARIAS, %

(95% CI)

DLP: Cen 2021, China 1. Retrospective

multi-hospital

cohort study

2. 711 images were

collected from PACS

JSIE

3. Retina expert panel,

majority decision

5 retinal specialists, >10 years of

clinical experience

Average expert accuracy for

RDR: Fundus images only:

SE 93.5, SP 99.1

Fundus images+ notes:

95.3, SP 99.4

SE 95.1, SP 99.6

Googel AI: Gulshan

2019, India

1. Prospective cohort

study

2. 2 eye care centres in

India (>40 years old

patients)

3. 3 retinal specialists

1 trained grader and 1 retinal

specialist from each site

RDR
SE ranged from 73.4 to

89.8

SP ranged from 83.5 to

98.7

DMO
SE ranged from 57.5 to

89.5

SP ranged from 93.8 to

99.3

RDR (site 1 & 2,
respectively)
SE 88.9, 92.1

SP 92.2, 95.2

DMO (site 1 & 2,
respectively)
SE 97.4, 93.6

SP 90.7, 92.5

Google AI: Krause 2018,

USA

1. Retrospective

cohort study

2. EyePACS-2: 1958

images from 998

unique individuals

3. Consensus by 3

retinal specialists

3 ophthalmologists, individually

and as a majority decision

Accuracy for RDR:
Ophthalmologists’

majority decision: SE 83.8

SP 98.1

Individual

ophthalmologists (range):

SE 74.9 to 76.4, SP 97.5 to

99.1

Accuracy for referable DMO:
Ophthalmologists’

majority decision: SE 83.3,

SP 99.0

Individual

ophthalmologists (range):

SE 62.7 to 86.4, SP 98.6 to

99.1

Accuracy for RDR: SE
97.1

SP 92.3

Accuracy for referable
DMO: SE 94.9

SP 94.4

No statistical

comparison

reported

Google AI:

Raumviboonsuk 2019,

Thailand

1. Retrospective

cohort study

2. Diabetes registry

3. Partially adjudicated

by independent

retinal specialists

13 regional graders from

Thailand DESP (7

ophthalmologists and 6 trained

ophthalmic nurses or

technicians; >2 years of

experience)

Accuracy for RDR
SE 73.4 (range: 40.7 to 91.4

across regional graders)

SP 98.0 (range: 93.9 to

100)

Accuracy for DMO
SE 62.0 (range: 45.0 to

80.3)

SP 99.2 (range: 97.3 to

99.8)

Accuracy for severe NPDR/
worse
AUC 0.993 (range: 0.974

to 0.995)

Accuracy for RDR
SE 96.8 (range: 89.3

to 99.3) (difference

24%, p< 0.001)
SP 95.6 (range: 98.3

to 98.7) (difference

-2.5%, p< 0.001)
Accuracy for DMO
SE 95.3 (range: 85.9

to 100)

SP 92.2 (range: 94.4

to 99.1)

Accuracy for severe
NPDR/worse
AUC 0.991 (range:

0.978 to 0.997)

iGradingM/Aberdeen

system: Philip 2007,

UK

1. Prospective cohort

study

2. 14,406 images from

6722 consecutive

3 retinal screeners who also

performed the photography

Technical failures: SE 93.7

(91.3 to 95.4)

SP 99.0 (98.7 to 99.2)

Accuracy for RDR: SE 86.5

Technical failures: SE
99.5 (98.4 to 99.8)

SP 84.4 (83.5 to

85.3)

(continued)
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proportion was very small; and the sensitivity for higher grades
was comparable or exceeded that for RDR. In addition, 13 of
the 14 studies that investigated the accuracy of the systems for
detecting any DR reported sensitivities ≥85% (Table S8).

Thirty-two studies provided data on ungradable images
which were difficult to summarise due to inconsistent reporting.
Overall, studies reported high detection rates for low-quality
images (as determined by the reference standard) and failed to
process only a small proportion of the images deemed gradable.
There was some evidence that these aspects of the systems’ per-
formance could be affected by a range of factors, such as differ-
ences in the imaging protocols27,45 and human behaviour54

(Table S8).
Twenty-one studies investigated the impact of various

factors on accuracy; they related to patient characteristics
(age, sex, ethnicity/race, duration of diabetes and HbA1c);
imaging protocol (camera type, number of fields and image
resolution), algorithm (lesion types detected by ML systems,
DL vs ML) and reference standard (grading criteria and

method of adjudication) (Table S8). Only a small number of
studies reported on each factor and the results varied across
studies. Briefly, the studies reported that sex (6 studies) and
mean HbA1c (3 studies) were not associated with accuracy,
while age (7 studies), DL vs ML algorithm (1 study), duration
of diabetes (1 study), grading criteria (1 study) and the method
of adjudication (1 study) were. The rest of the results were
inconsistent and varied across studies and systems.

Test accuracy of ARIASs compared to human graders
Seven studies conducted head-to-head comparison of the
accuracy of human graders not involved in the reference
grading to that of Google,31–33 Selena,35 RetCAD,34 DLP36

and iGradingM25 (Table 4). The number of graders was
small (range 2-5), except for the study by Raumviboonsuk
et al. which included 13 regional graders from the national
screening programme in Thailand.33 Across all studies
ARIASs had higher sensitivity but lower specificity for RDR.

Table 4. (continued)

ARIAS: study and

country

1. Study design

2. Dataset

3. RS Comparator

Accuracy of human graders,

% (95% CI)

Accuracy of ARIAS, %

(95% CI)

patients from the

SDESP

3. A single clinical

research fellow

(85.1 to 87.8)

SP 95.3 (94.6 to 95.9)

N of patients misclassified

as ‘no DR’: 341

N of patients with M1, R2,

M2, R3 or R4 graded as ‘no

DR’: 3/330

Accuracy for RDR: SE
90.5 (89.3 to 91.6)

SP 67.4 (66.0 to

68.8)

N of patients
misclassified as ‘no

DR’: 240, p< 0.001
N of patients with
M1, R2, M2, R3 or

R4 graded as ‘no

DR’: 7/330, p=
0.125

RetCAD:

Gonzalez-Gonzalo

2020, Spain, The

Netherlands

1. Retrospective

cohort study

2. Messidor (n= 1200)

3. Dataset’s ground

truth

2 graders, a general

ophthalmologist and a retinal

specialist, with 4 and 20 years

of DR screening experience,

respectively

Accuracy for RDR: HG1 SE

79.6 (74.8 to 84.8)

SP 97.7 (96.0 to 99.2)

HG2 SE 69.0 (62.9 to 74.7)

SP 99.1 (97.9 to 100)

Accuracy for RDR
SE 92.0 (89.1 to

95.9)

SP 92.1 (88.7 to

95.2)

No statistical

comparison

reported

SELENA: Ting 2017,

Singapore

1. Retrospective

cohort study

2. 8589 unique patients

(excluding those

used in the

development)

3. A single retinal

specialist with >5

years experience

2 trained senior nonmedical

professional graders with >5

years experience, currently

employed in the SiDRP

Accuracy for RDR: SE 84.84

(81.28 to 88.51)

SP 98.55 (98.27 to 98.79)

Accuracy for VTDR: SE 89.74
(74.77 to 96.27)

SP 99.09 (98.86 to 99.27)

Accuracy for RDR: SE
89.56 (85.51 to

92.58), p= 0.04

SP 83.49 (82.68 to

84.27), p< 0.001
Accuracy for VTDR: SE
100 (90.97 to 100), p
= 0.04

SP 81.4 (80.57 to

82.22), p< 0.001

ARIAS: artificial intelligence-based automated retinal imaging assessment system; CI: confidence interval; DESP: Diabetic Eye Screening Programme; DMO: diabetic

macular oedema; DR: diabetic retinopathy; HG1: Human Grader 1; HG2: Human Grader 2; RDR: referable diabetic retinopathy; RS: reference standard; SE:

sensitivity; SDESP: Scottish DESP; SiDRP: Singapore DESP; SP: specificity; VTDR: vision-threatening diabetic retinopathy.
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In addition, Krause et al. reported that Google had higher sen-
sitivity for referable DMO32; and Ting et al. reported that
Selena had higher sensitivity but lower specificity for vision-
threatening DR.35

Discussion
The evaluation of the accuracy of AI-based medical tests goes
through a number of stages. Prior to deployment, the systems
should be evaluated in the target clinical pathway or a similar
setting, so that the accuracy estimates could be used in clinical
and policy decisions.59 In the current paper, we reviewed the
accuracy of ARIASs that have been approved for clinical
use, are commercially available or have had at least one evalu-
ation in a clinically plausible cohort of patients. Accuracy is the
primary, albeit not the only, aspect of such systems’ perform-
ance. Unbiased and applicable evidence of acceptable accuracy
should be the starting point when considering ARIASs for
implementation in clinical practice.

We included 43 studies evaluating 15 DL-based and 4 trad-
itional ML-based systems. Most studies reported sensitivity
≥85% for RDR, any DR and higher grades. At the RDR thresh-
old no cases of proliferative/treatable disease were missed or
their proportion was very small. Specificity estimates, on the
other hand, varied considerably but, overall, DL systems had
higher specificity than ML systems. Seven studies reported
that ARIASs had higher sensitivities but lower specificities
compared to human graders not involved in the reference
grading. In addition, most studies reported high accuracy for
detection of ungradable images as determined by the reference
standard (also referred to as ‘imageability’), and a small pro-
portion of cases where the system was unable to read an
image classified as gradable by the reference standard (‘tech-
nical failure’).

The above results suggest that with respect to missing cases
of severe or treatable disease, ARIASs could be safe to use in
clinical practice provided the operational environment is
similar to that in which the system has been evaluated.
Limited data suggest that various factors could affect the accur-
acy of ARIASs for detection of DR and images of low quality
as well as the proportion of technical failures. The variability in
results indicates that such associations are likely to be system-
and context-specific and should be investigated prior to deploy-
ment in the target clinical pathway.

Ultimately, the level of accuracy required will depend on the
specific role of the system in the clinical pathway. For instance,
when used in organised screening to rule out DR prior to
manual grading (e.g. UK DESPs), lower specificity might not
be an issue. Tufail et al. showed that in the English DESP,
ARIASs with high sensitivity and specificity as low as 20%
are still cost-effective both as a replacement of level 1
graders and when added to the existing clinical pathway prior
to manual grading.27 In addition, such programmes have well-
established quality assurance systems that would allow moni-
toring and prompt action if there is a decline in the performance
of ARIAS over time. Audit studies from Scotland and Portugal
provide some real-life evidence that in such settings ARIASs
with high sensitivity and relatively low specificity lead to a

reduction in the human graders’ workload without compromis-
ing the safety of the screening programme.12,13

In settings where such quality controls are not readily avail-
able, low specificity (including technical failures) is likely to
increase the number of unnecessary referrals and the associated
costs. Of particular importance here are contextual and human
factors as illustrated by van der Heijden et al. who assessed the
accuracy of an ARIAS in a primary care setting in the
Netherlands. The authors report a high number of referrals
due to ‘insufficient quality’ because clinicians underutilised
the ‘insufficient quality’ function of the system and preferred
to make a referral instead of repeating the imaging using
dilation.54

Despite these promising results, the evidence base has several
limitations. Firstly, most ARIASs were evaluated only in 1–2
studies and none of those evaluations were carried out independ-
ently from the developer/manufacturer of the system. The few
systems evaluated in multiple studies provide evidence that the
accuracy of ARIASs could be affected by multiple factors, espe-
cially in terms of specificity. This means that an evaluation in the
target clinical pathway is necessary even when there is robust
evidence of high performance from another context. Secondly,
although the consistent high sensitivity across studies is reassur-
ing, between-study comparison of alternative systems is not pos-
sible due to considerable differences in study design. For
instance, 85% sensitivity when the reference standard involves
a combination of mydriatic 4-wide field stereo retinal photog-
raphy and optical coherence tomography is not the same as
85% sensitivity when the reference standard is based on the
same standard 45° fundus photographs used with the index
test. Thirdly, many of the studies were judged to be at high
risk of bias in at least one QUADAS-2 domain. Of particular
concern is the risk of selection bias, both at patient and image
level, and the exclusion of ungradable images. This could lead
to inflated accuracy estimates and decline in the system’s per-
formance when deployed in clinical practice. Detailed reporting
of the selection process, both at patient and image level, and
reporting of ungradable images in a way that makes it easier
to evaluate their impact are highly desirable and will signifi-
cantly improve the usability of the evidence.

Direct evaluation of the clinical effectiveness and overall
impact of an ARIAS using randomised controlled trial (RCT)
designs might not always be feasible. Hence, the importance
of assessing the accuracy of the system in a representative
dataset, both at patient and image level, and in real-life condi-
tions. Such pre-implementation assessment should also provide
evidence on other aspects of the system’s performance, such as
interoperability, reliability and acceptability. Then a linked evi-
dence approach could be used to combine the evidence and
estimate the clinical and cost-effectiveness of an ARIAS
even in the absence of RCTs.60

The following methodological limitations of the review
should be acknowledged: we included only peer-reviewed,
English-language journal articles; only 20% of the titles/
abstracts and full texts were double-screened; only 20% of
the extracted data and methodological quality decisions were
verified by a second reviewer; some of the inclusion/exclusion
criteria were modified after publication of the protocol.
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Conclusion
Across systems and studies, ARIASs had ≥85% sensitivity for
RDR and higher grades, higher than human graders, and could
be safe to use in clinical practice (i.e. have a low risk of missing
proliferative/treatable DR) provided the operational environ-
ment in the target clinical pathway is similar to that in which
the system has been evaluated. The specificities were much
more variable, even across studies evaluating the same
system. Relatively low specificity might be acceptable when
the system is used prior to manual grading in organised screen-
ing with established quality assurance protocols. In other set-
tings, however, low specificity is likely to generate
unnecessary referrals and incur additional costs. Since the
accuracy and overall performance of ARIASs might be affected
by a wide range of factors, including human behaviour, evalu-
ation in the target clinical pathway prior to deployment is
advisable. If an RCT is not feasible, the clinical and cost-
effectiveness of the system relative to the current clinical
pathway could be assessed using a linked evidence approach.
This however will require not only unbiased and applicable
accuracy estimates, but also evaluation of other aspects of the
system’s performance, such as interoperability, reliability and
acceptability.
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