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Retinal blood vessels provide information on the risk of cardiovascular disease (CVD). Here, we report the development and val-
idation of deep-learning models for the automated measurement of retinal-vessel calibre in retinal photographs, using diverse
multiethnic multicountry datasets that comprise more than 70,000 images. Retinal-vessel calibre measured by the models and
by expert human graders showed high agreement, with overall intraclass correlation coefficients of between 0.82 and 0.95.
The models performed comparably to or better than expert graders in associations between measurements of retinal-vessel
calibre and CVD risk factors, including blood pressure, body-mass index, total cholesterol and glycated-haemoglobin lev-
els. In retrospectively measured prospective datasets from a population-based study, baseline measurements performed by
the deep-learning system were associated with incident CVD. Our findings motivate the development of clinically applica-
ble explainable end-to-end deep-learning systems for the prediction of CVD on the basis of the features of retinal vessels in

retinal photographs.

examination in patients with hypertension to determine the

presence and severity of retinal vascular damage as a means to
estimate cardiovascular disease (CVD) risk!*. This examination is
based on the premise that changes observed in the retinal vascula-
ture, such as the degree of retinal arteriolar narrowing, reflect vas-
cular disease in peripheral, cerebral and coronary blood vessels®
and may therefore be a marker of CVD risk.

The development of digital retinal photography and computer
software have enabled more-objective estimation of the degree of
retinal arteriolar narrowing by measuring the calibre of the retinal
vessels'' -, Most presently used software is semi-automated, requir-
ing human intervention to adequately measure retinal-vessel calibre
on the basis of prespecified protocols''~'*. Using these approaches,
substantial prospective epidemiological data have demonstrated
that changes in retinal-vessel calibre (such as narrower retinal arte-
rioles and wider/dilated venules) are associated with classic CVD

| or more than a century, physicians have performed a fundus

risk factors (such as blood pressure and diabetes)”'*"' and the pres-
ence of subclinical vascular diseases (such as carotid atherosclerosis
and aortic stiffness)*?! and predictive of subsequent clinical CVD
events (such as coronary heart disease, stroke and mortality)*.
However, further validation of these highly promising findings in
other clinical studies has been limited by the current versions of the
semi-automated software, which require human input.

Artificial intelligence, particularly deep learning with convo-
lutional neural networks (CNNs), is being evaluated in medical
imaging fields such as radiology***. Deep-learning CNNs devel-
oped for retinal photographs have shown superior performance
in the detection of diabetic retinopathy and other retinal diseases
compared with human assessment”*. Deep-learning CNNs
developed by Poplin et al. have recently demonstrated that retinal
photographs themselves are associated with a range of CVD risk
factors, including blood pressure, body mass index (BMI), smoking
and glycated-haemoglobin level*. However, their study did not
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Table 1| Description and characteristics of the training, validation and external testing datasets

Study Number of Number Age Gender  Ethnicity MABP BMI Total HbA, (%) Currently Retinal
and individuals of eyes (years) (male) (mmHg) (kgm=2) cholesterol smoking  camera
outcome level

(mmol ")

Training and validation for SIVA-DLS

2 2,267 2,267 58.4 1,101 Chinese (100%) 96.9 237 547 (1.06) 5.96(0.72) 318 Canon
(919) (48.6%) (10.9) (3.69) (14.0%) CR-DGi
10D
° 2,528 2,528 57.6 1,287 Indian (100%) 973 26.6 510 (110)  6.59(1.49) 472 Canon
(10.2) (50.9%) (12.2) (5.03) (18.7%) CR-DGi
10D
¢ 514 514 59.9 212 Malay (100%)  104.2 28.2 540 (111)  8.21(1.89) 65 Canon
(8.59) (41.2%) (13.2) (4.85) (12.5%) CR-DGi
10D
Total: 5,309 5,309

External Testing for SIVA-DLS
Agreement between SIVA-human and SIVA-DLS

d 875 875 44.6 421 Chinese 915 (1.1) 226 510 (0.90) 5.69 (0.59) 0 (0%) Canon
12.2) (481%)  (64.34%); (3.16) CR-DGi
Indian 10D
(23.43%);
Malay (12.23%)
e 792 792 38.3 405 Primarily 919 271 5.23(1.03) 5.41(0.56) 168 Canon
(0.43) (511%)  Caucasian (9.73) (5.21) (21.2%) NMR-45
20D
l 672 672 7.66 337 Chinese (100%) 78.52 16.15 NA NA NA Topcon
(1.04) (501%) (9.53) (2.85) TRC 50DX
g 1,103 1,703 61.2 (11.6) 842 Caucasian 91.4 (13.1) 29.5 457 (113)  711(1.86) 324 (28.9) Canon
(76.3%) (70.2%); east (5.54) CR-DGI
Asian (5.3%);
south Asian
(7.6%); mid
Asian (9.6%);
others (7.3%)
b 614 614 48.5 451 Chinese 100.7 261 NA NA 158 Canon
10.7) (73.5%) (56.35%); (12.3) (4.50) (25.7%) CRII

Malay (17.75%);
Indian (14.50%);

others (11.40%)
626 626 619 (10.7) 388 Chinese 97.2 27.2 4.64 (1.20) 6.74(1.53) 78 Canon
(62.0%) (67.9%); Malay  (13.0) (5.26) (12.5%) CRII

(16.5%); Indian
(7.0%); others

(8.6%)
] 269 269 64.3 133 Chinese (100%) 99.9 25.9 4.27 (0.94) 734 (1.41) 21(7.8%) Topcon
(11.4) (49.4%) m.7) 4.91) TRC 50DX
s 272 272 33.0 All Chinese 83.7 25.6 5.24 (1.06) NA 4(1.5%)  Canon
(4.90) female (551%); Malay  (10.6) (5.49) CR-1,40D
(21.7%); Indian SLR
(23.2%)
238 238 60.1(11.3) 121 Chinese 91.0 273 4.50 754 (1.46) NA Topcon
(50.8%) (75.2%); Malay (9.36) (5.01) (0.86) NW8
(5.5%); Indian
(19.3%)
m 175 175 53.6 58 Chinese 92.8 24.0 NA NA NA Canon
(6.41) (331%)  (90.86%); (12.01) 4.14) CR-DGi
Malay (6.29%); 10D

Indian (2.85%)
Total: 5,636 5,636

Continued
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Table 1| Description and characteristics of the training, validation and external testing datasets (continued)

Study Number of Number Age Gender  Ethnicity MABP BMI Total HbA, (%) Currently Retinal
and individuals of eyes (years) (male) (mmHg) (kgm=2) cholesterol smoking  camera
outcome level
(mmol ")
Association of SIVA-DLS with CVD risk factors, CVD outcomes and mortality
ms 8,980 8,980 581(10.1) 4,262 Chinese (34.6); 98.8 254 549 (110) 6.28(1.31) 1432 Canon
(475%) Malay (32.3%); (12.8) (4.69) (16.0%) CR-DGi
Indian (33.1%) 10D
o 3,697 3,697 55.6 1,616 Chinese (100%) NA NA NA NA NA Canon
(10.2) (43.7%) CRé-
45NM
2 45,644 45644 557 20,315 British (86.6%); 100.5 27. NA NA 3,897 Topcon 3D
(8.13) (44.5%) other white 1M.4) (4.67) (8.56%)  OCT-1000
background Mark Il
(4.2%);
Irish (3.6%);
Indian (1%);
others (4.6%)
au 627 627 411 (4.25) 565 Korean (100%) 89.76 24.30 5129 5.68 (0.57) 158 Canon
(90.1%) (9.78) (3.04) (0.90) (25.2%) CRé-
45NM
@ 243 243 58.2 166 Primarily 96.32 31.71 4.48 (1.27) NA 66 Canon
(10.8) (68.3%) Caucasian (11.9) (6.60) (27.2%) EOS 40D
Total: 59,191 59,191

Data are mean (s.d.) or number of individuals (%). HbATc, glycated-haemoglobin level. NA, not available. *Singapore Chinese eye study (SCES), Chinese adults were selected using an age-stratified random
sampling method. ®Singapore Indian eye study (SINDI), Indian adults were selected using an age-stratified random sampling method. <Singapore Malay eye study (SIMES), Malay adults were selected using
an age-stratified random sampling method. Only patients with diabetes were included. ¢Singapore prospective study program (SP2), a subgroup of control healthy individuals were randomly selected from
the SP2 in Singapore. ¢The Dunedin multidisciplinary health and development study (Dunedin study), individuals aged 38 years from a longitudinal investigation of health and behaviour in a complete birth
cohort born between April 1972 and March 1973 in Dunedin, New Zealand. Hong Kong children eye study (HKCES), children of grade 1to grade 3 (aged about 6-8 years) from primary schools in Hong
Kong. 2Australian heart eye study (AHES), patients who had symptoms of suspected coronary artery disease presented to a tertiary referral hospital for evaluation of potential coronary artery disease by
coronary angiography in Australia. "Retinal imaging in chest pain study (RICP study), low-risk patients with acute coronary syndrome who had chest pain were recruited from the emergency department in
a general hospital in Singapore. ' Retinal imaging in renal disease study (IRED study), patients diagnosed with chronic kidney disease were recruited from nephrology clinics in a general hospital in Singapore.
ICUHK sight-threatening diabetic retinopathy study (CUHK-STDR study), patients with diabetes were recruited from a tertiary eye hospital in Hong Kong. “Growing up in Singapore towards healthy
outcomes birth cohort (GUSTO study), pregnant women who intended to give birth and reside in Singapore for the next 5 years. 'Singapore integrated diabetic retinopathy program (SiDRP), patients with
diabetes were recruited from a diabetic retinopathy screening program in Singapore. "Cardiovascular disease screening using retinal vascular imaging study (CVD screening study), participants without a
history of stroke and heart disease were recruited from a community-based clinic in Singapore. "The Singapore Epidemiology of Eye Diseases Study (SEED study), adults residing in Singapore aged 40-80
years at baseline were selected using an age-stratified random sampling method. °The Beijing Eye Study (BES), Chinese adults aged >40 years who were initially examined in 2001 in northern China. *The
UK Biobank. "The Kangbuk Samsung health study (KSH study), participants were recruited from a medical health checkup program. "The Austin health study, participants with risk factors of atherosclerosis

and coronary artery disease from cardiology outpatient clinics in Australia. *Outcome is incidence of a CVD event. ‘Outcome is ten-year all-cause mortality. “Outcome is CVD risk factors.

evaluate whether specific retinal-vessel features (such as retinal
arteriolar calibre narrowing or venular calibre widening) were cor-
related with CVD risk.

To address these gaps, we developed and tested a deep-learning
system (DLS) to specifically measure retinal-vessel calibre from
retinal photographs. We assessed the agreement of the retinal-vessel
calibre measurement between the DLS and humans, and compared
their associations with classic CVD risk factors (such as blood pres-
sure). Finally, we examined the relationship between retinal-vessel
calibre measured by DLS and incident CVD using a prospec-
tive dataset. Our DLS may provide an additional model for the
application of retinal photography for CVD assessment.

Results
Table 1 describes the study cohorts, demographic data and reti-
nal camera information. The mean absolute error of retinal-vessel
calibre measurement by human graders using the Singapore I vessel
assessment (SIVA) software (SIVA-human) and retinal-vessel cali-
bre measurement using a DLS (SIVA-DLS) is shown (Supplementary
Table 1). Figure 1 shows an example of retinal-vessel calibre
prediction by SIVA-DLS.

Table 2 shows the intraclass correlation coefficients (ICCs)
of retinal-vessel calibre between SIVA-DLS and SIVA-human.
Agreement of calibre measurement in the validation and external

500

testing datasets were good to excellent, with ICCs ranging from 0.82
to 0.95; agreement in individual external datasets was also good (all
ICCs were above 0.7). Bland-Altman plots show the agreement of
retinal-vessel calibre between SIVA-DLS and SIVA-human in the
validation dataset and total external dataset (Supplementary Figs. 3
and 4, respectively). The Bland-Altman plots suggested there might
be proportional biases on central retinal artery equivalent (CRAE),
with poorer agreement between SIVA-DLS and SIVA-human at
large central retinal vein equivalent (CRVE) values.

Multivariable linear regression analysis of CVD risk factors and
retinal-vessel calibre measured by SIVA-DLS and SIVA-human
are shown in Table 3. The associations of CRAE with age, gender,
mean arterial blood pressure (MABP), body-mass index (BMI)
and total cholesterol, and associations of CRVE with gender,
MABP, BMI, glycated-haemoglobin and current smoking were
largely identical (that is, similar Nagelkerke’s pseudo R* (R?) val-
ues) between SIVA-DLS and SIVA-human. For example, each s.d.
increase in CRAE at zone B (CRAE;) was associated with lower
blood pressure (f, —3.67mmHg versus —3.28 mm Hg); and each
s.d. increase in CRVE at zone B (CRVE;) was associated with higher
glycated-haemoglobin level (5, 0.312% versus 0.295%), comparing
SIVA-DLS versus SIVA-human, respectively. The regression model
fit (that is, R\?) for SIVA-DLS was generally higher compared with
the R\* of SIVA-human, indicating that SIVA-DLS measurement
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Fig. 1| An example of CRAE and CRVE prediction using a DLS (SIVA-DLS). a, CRAE. b, CRVE. For a and b, retinal photographs were captured by a 45°
digital retinal camera (i) (Canon CR-DGi 10D; Canon). The colour of retinal venules is generally darker and the width of retinal venules is generally larger
than that of retinal arterioles. SIVA calculates the calibres at two regions: one from 0.5 to 1.0 disc diameters away from the disc margin (zone B; CRAE,
and CRVEg) and one from 0.5 to 2.0 disc diameters away from the disc margin (zone C; CRAE. and CRVE,). Integrated gradients at selected high-level

(ii) and low-level (iii) layers of the neural network were used to generate a heat map to show the most important and basic features, respectively, by the
predicted attributions. The green dots indicate positive attributions. For the actual prediction, the fully connected layer learned proper weights accordingly
for different features to obtain retinal-vessel calibre values at different zones. It gives high weight to features within zone B during calculating CRAE; and

CRVEg, and high weight to features within zone C for CRAE. and CRVE..

explained more of the variations in the models. The SIVA-DLS
models predicted CVD risk factors significantly better than the
SIVA-human models (P<0.05, bootstrap t-test) or at least com-
parable with the SIVA-human models (P> 0.05, bootstrap t-test),
except for CRAE at zone C (CRAE) and CRVE at zone C (CRVE,)
with MABP. The multivariable linear regression analysis of CVD
risk factors and retinal-vessel calibre in individual external datasets
is provided (Supplementary Table 2).

In the Singapore epidemiology of eye diseases (SEED) study,
over the follow-up period (median, 4.54 years; range, 0.02-11.8
years), 851 participants developed incident CVD events (174 stroke,
340 myocardial infarction, 181 CVD death and 156 mixed). Table 4
shows that narrower CRAE; (hazard ratio (HR) per s.d. decrease
(95% confidence interval (CI)), 1.12 (1.02-1.24)) and narrower
CRAE. (HR per s.d. decrease, 1.13 (1.02-1.26)) were indepen-
dently associated with incident CVD events in the SEED study,
after adjusting for age, gender, ethnicity, fellow calibre, BMI, MABP,
glycated-haemoglobin level, total cholesterol level and smoking at
baseline. In the Beijing eye study (BES), narrower CRAE; (odds
ratio (OR), 1.88 (1.34-2.31), first quartile versus fourth quar-
tile; OR per s.d. decrease, 1.27 (1.13-1.41)) and CRAE.. (OR, 1.67
(1.19-2.34), first quartile versus fourth quartile; OR per s.d. decrease,
1.19 (1.06-1.34)) were associated with ten-year all-cause mortality
in the crude model (Supplementary Table 3). In the UK Biobank,
the Kangbuk Samsung Health (KSH) study and the Austin health
study, retinal-vessel calibres measured by SIVA-DLS were associ-
ated with several CVD risk factors (Supplementary Table 4). For
example, narrower CRAE was associated with higher MABP and
greater BMI, whereas wider CRVE was associated with smoking.

Figure 2 shows examples of a comparison between SIVA-DLS
and SIVA-human in cases with different CVD risk factors. The
heatmaps of SIVA-DLS generally highlighted the boundaries of the
arterioles and venules to predict CRAE and CRVE, respectively, in
retinal photographs without other features or any retinal patholo-
gies. Furthermore, the values of CRAE and CRVE can enable users
to quantitatively assess retinal-vessel narrowing or widening, which
has been shown to correlate with CVD risk factors. However, other
features or retinal pathologies—such as nerve fibre layer reflection,
the presence of laser scars and retinal haemorrhage on the fun-
dus—may affect the prediction of calibre by the SIVA-DLS (repre-
sentative examples are provided in Supplementary Fig. 5) and may
explain the relatively lower agreement in some of the external test-
ing cohorts in Table 2.

Finally, we developed a prototype interface for SIVA-DLS with
fully automated measurement of retinal-vessel calibre as an out-
put (Supplementary Fig. 6), and we tested its feasibility prospec-
tively under a telemedicine-based diabetic retinopathy screening
program. The high agreement of retinal-vessel calibre between
SIVA-DLS and SIVA-human was further demonstrated, with all
ICCs above 0.8 (Supplementary Table 4).

Discussion

Deep learning has the potential to transform clinical care in medi-
cal imaging fields such as radiology and ophthalmology**~***. Here
we developed and validated a deep-learning CNN (SIVA-DLS)
that specifically measured retinal-vessel calibre from retinal pho-
tographs. We report a high correlation between the SIVA-DLS
and validated human measurements. We demonstrated that the

NATURE BIOMEDICAL ENGINEERING | VOL 5 | JUNE 2021 | 498-508 | www.nature.com/natbiomedeng 501


http://www.nature.com/natbiomedeng

ARTICLES NATURE BIOMEDICAL ENGINEERING

Table 2 | Agreement estimates of retinal-vessel calibre for SIVA-DLS and SIVA-human

CRAE,

CRAE,

CRVE,

CRVE,

Validation
SEED study (n=1,060)

External testing

Total dataset (n=5,636)

SP2 (n=875)

Dunedin study (n=792)

HKCES (n=672)
AHES (n=1,103)
RICP study (n=614)
IRED study (n=626)

CUHK-STDR study (n=269)

GUSTO study (n=272)

SiDRP (n=238)

CVD screening study (n=175)

ICC (95% ClI)

0.88 (0.866-0.893)
ICC (95% CI)

0.823 (0.814-0.831)
0.846 (0.826-0.863)
0.693 (0.655-0.728)
0.689 (0.647-0.727)
0.694 (0.662-0.724)
0.812 (0.783-0.837)
0.812 (0.784-0.837)
0.692 (0.624-0.750)
0.768 (0.714-0.813)
0.822 (0.776-0.860)
0.791(0.728-0.841)

ICC (95% CD

0.917 (0.907-0.926)

ICC (95% CD)

0.864 (0.858-0.871)
0.874 (0.857-0.889)
0.781(0.753-0.807)

0.748 (0.712-0.779)

0.781(0.757-0.803)

0.864 (0.842-0.882)
0.857 (0.835-0.877)
0.708 (0.643-0.763)
0.819 (0.775-0.854)

0.857 (0.820-0.888)
0.849 (0.802-0.886)

ICC (95% CI)

0.94 (0.933-0.947)
ICC (95% CI)
0.881(0.875-0.886)
0.87 (0.853-0.885)
0.876 (0.859-0.892)
0.82 (0.794-0.843)
0.785 (0.761-0.806)
0.806 (0.777-0.832)
0.898 (0.881-0.912)
0.841(0.802-0.873)
0.79 (0.741-0.831)
0.906 (0.880-0.926)
0.907 (0.877-0.930)

ICC (95% CI)

0.948 (0.941-0.954)
ICC (95% CI)

0.917 (0.913-0.921)
0.903 (0.890-0.914)
0.877 (0.860-0.892)
0.808 (0.780-0.833)
0.870 (0.855-0.884)
0.901 (0.885-0.915)
0.9 (0.884-0.914)
0.806 (0.760-0.844)
0.852 (0.816-0.881)
0.92 (0.897-0.937)
0.901 (0.869-0.926)

Table 3 | Multivariable linear regression analysis of cardiovascular risk factors (dependent variables) and retinal vascular calibre
(independent variables) measured by human graders and a DLS, adjusting for age, gender and fellow calibre

Age Gender MABP BMI HbA, Smoking Total cholesterol
p(se) Ry OR R\? p(se) Ry B (s.e) R\? p(s.e) R\? OR R\? p(s.e) Ry
(s.e.’) (s.e.®)

SIVA-human 7.01 0.175 147 0.043 -3.28 0198 -1.05 0.242 -0.109 0.199 0.868 0.037 -0.104 0.070
CRAE; (0.331)** (0.040)** (0.228)** (0.105)** (0.035)* (0.052)* (0.025)**
SIVA-DLS 7.95 0.212 1.83 0.063 -3.67 0199 -1.26 0.244 -0.089 0.202 0.708 0.045 -0.089 0.068
CRAE; (0.363)** (0.046)** (0.257)** 0mg)** (0.040)* (0.059)** (0.029)*
& <0.001 <0.001 0.896 0.368 0.352 0.014 0.203
SIVA-human -7.00 0152 1.66 0.053 —-412 0.210 -1.22 0.243 -0.160 0.206 0.938 0.035 -0.109 0.070
CRAE. (0.378)** (0.045)** (0.253)** on7y** (0.038)** (0.058) (0.028)**
SIVA-DLS -8.85 0.195 2.25 0.089 -3.77 0.201 -1.60 0.251 -0.195 0.215 0.700 0.045 -0.091 0.069
CRAE. (0.385)** (0.050)** (0.270)** (0.123)* (0.040)** (0.062)** (0.030)*
[~ <0.001 <0.001 0.0Mm 0.004 0.051 0.005 0.306
SIVA-human -114 0.175 0.758 0.043 0.302 0198 0.421 0.242 0.295 0199 1.03 0.037 0.033 0.070
CRVE, (0.328)** (0.038)** (0.218) (0.100)** (0.033)** (0.049) (0.023)
SIVA-DLS -1.01 0.212 0.636 0.063 0.696 0199 0.586 0.244 0.312 0.202 1.22 0.045 0.033 0.068
CRVEg (0.359)* (0.043)** (0.244)* omn2)* (0.037)** (0.055)** (0.027)
P <0.001 <0.001 0.896 0.368 0.352 0.014 0.203
SIVA-human —0.298 0.151 0.628 0.053 1.03 0.210 0.660 0.243 0.361 0.206 1.00 0.035 0.033 0.070
CRVE, (0.376)  (0151)  (0.044)** (0.244)** 013)** (0.036)** (0.056) (0.026)
SIVA-DLS 0.622 0.195 0.501 0.089 0.728 0.201 0.865 0.251 0426 0.215 1.23 0.045 0.022 0.069
CRVE, (0.381) (0.047)** (0.255)* ©N7)** (0.039)** (0.058)** (0.028)
P <0.001 <0.001 0.01 0.004 0.051 0.005 0.306

Retinal-vessel calibre was analysed as per s.d. increase. Results were adjusted for age (except for models for age), gender (except for models for gender) and fellow calibre (that is, CRVE was included as
an independent variable in the model for CRAE, and vice versa). Statistical significance is indicated by asterisks; *P<0.05, **P < 0.001. §, regression coefficient. ?Statistical analysis was performed using a
bootstrap t-test. "Denotes exp[#] and s.e. of  under logistic regression.

relationships between retinal-vessel calibre and classic CVD risk
factors measured using SIVA-DLS were better or comparable to
humans. Finally, we demonstrated that retinal-vessel calibre mea-
sured using SIVA-DLS was associated with incident CVD events.
The rationale of our study is based on a widely accepted con-
cept that retinal vascular health mirrors other vascular beds (for
example, cerebral and coronary)*. We and other investigators have
shown in previous epidemiological and clinical studies that changes
in retinal-vessel calibres, measured using semi-automated software,
may be markers of CVD risk®*!»!%20-33 However, most widely
used software for quantifying retinal-vessel calibre (for example,
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SIVA, retinal analysis and integrative vessel analysis) requires sub-
stantial human assessment and manipulation, usually by trained
technicians (graders) following standardized protocols'~'“. For
example, in the current SIVA-human version, several grading steps
often require manual correction, such as centreing the grading grid
on the optic disc, identifying the vessel type and adjusting to vessel
tracing, such that the average grading time per retinal photograph
is about 25min depending on image quality (~10% and ~20-30%
manual correction for good and poor quality images, respec-
tively)'**. Furthermore, inter- and intrahuman grader variability
is difficult to completely eliminate even when using standardized
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Table 4 | Relation of retinal-vessel calibre measured using a DLS to risk of a CVD event in the SEED study
Model 1 Model 2
HR (95% CI) P HR (95% CI) P

Number at risk (n)  Incident CVD event

cases (n (%))

CRAE,

First quartile 2,221 246 (11.1)
Second quartile 2,244 189 (8.4)

Third quartile 2,256 202 (9.0)
Fourth quartile 2,259 214 (9.5)

Per s.d. decrease 8,980 851(9.5)

CRAE.

First quartile 2,210 247 (11.2)
Second quartile 2,258 185 (8.2)

Third quartile 2,270 197 (8.7)

Fourth quartile 2,242 222 (9.9)

Per s.d. decrease 8,980 851(9.5)

CRVE,

First quartile 2,190 212 (9.7)

Second quartile 2,258 186 (8.2)

Third quartile 2,266 193 (8.5)

Fourth quartile 2,266 260 (11.5)
Per s.d. increase 8,980 851(9.5)

CRVE,

First quartile 2,209 206 (9.3)
Second quartile 2,252 166 (7.4)

Third quartile 2,262 214 (9.5)

Fourth quartile 2,257 265 (1.7)
Per s.d. increase 8,980 851(9.5)

1.27 (1.02-1.59) 0.035 1.23 (0.98-1.55) 0.079
0.94 (0.76-1.15) 0.534 0.93 (0.75-1.15) 0.491
1.03 (0.85-1.25) 0.792 1.02 (0.83-1.25) 0.854
Reference Reference

118 (1.08-1.30) <0.007° 112 (1.02-1.24) 0.024°
118 (0.94-1.47) 0156 112 (0.89-1.42) 0.337
0.89 (0.73-110) 0.280 0.91(0.74-113) 0.383
0.92 (0.75-1.11) 0.380 0.90 (0.74-1.10) 0.311
Reference Reference

1.24 (113-1.37) <0.007° 113 (1.02-1.26) 0.017°
Reference Reference

119 (0.97-1.47) 0.101 114 (0.91-1.41) 0.253
1.31(1.05-1.64) 0.018 117 (0.92-1.47) 0.198
1.74 (1.37-2.21) <0.001 1.30 (1.01-1.67) 0.039
114 (1.04-1.25) 0.0062 1.08 (0.98-118) 0.130°
Reference Reference

112 (0.90-1.40) 0.305 1.07 (0.85-1.34) 0.578
1.37 (1.09-1.71) 0.006 1.24 (0.98-1.57) 0.068
1.66 (1.31-2.12) <0.001 1.23 (0.96-1.59) 0.108
1.21 (1.09-1.33) <0.0071° 1.09 (0.99-1.21) 0.0912

Mode 1 was adjusted for age, gender, ethnicity and fellow calibre (that is, CRVE was included as an independent variable in the model for CRAE, and vice versa) at baseline. Model 2 was adjusted for

age, gender, ethnicity, fellow calibre, BMI, MABP, glycated-haemoglobin level, total cholesterol level and smoking at baseline. Unless otherwise indicated, P values were determined on the basis of calibre
measures entered as a categorical variable (quartiles) and compared with referent quartile. To account for multiple comparisons in the analysis for the calibre treated as a categorical variable and a
continuous variable, P values of less than 0.008 (that is, 0.05/6) and 0.025 (that is, 0.05/2) were considered to be statistical significant after Bonferroni correction, respectively. °P values were determined

on the basis of calibre measures entered as a continuous variable.

protocols and training. By contrast, SIVA-DLS takes a few seconds
with no human assessment, significantly increasing ease of use
and decreasing cost and variability. Although other CNNs have
been reported for automated segmentation of retinal vessels*~’,
our current algorithm produces fully automated measurement of
retinal-vessel calibre as an output without the need for vessel seg-
mentation. Thus, the predicted values of retinal-vessel calibre from
SIVA-DLS can be immediately used in clinical and epidemiological
studies, enabling faster, easier, cheaper and more consistent out-
put. The generated heat maps provide a quick and broad visual
assessment of the accuracy of the algorithm in measuring retinal
vessels, and reveal any gross errors, including mistaken attribu-
tions from SIVA-DLS for artifacts and other pathologies. We note
that SIVA-DLS is not the only fully automated software to measure
retinal-vessel calibre, and future studies could compare SIVA-DLS
with other software (such as QUARTZ and ALTAIR)",

Some key findings in our study should be discussed in the
context of existing literature. First, we showed that the pattern of
associations between SIVA-DLS retinal-vessel calibre and clas-
sic CVD risk factors was largely similar to human measurements.
Retinal arteriolar narrowing (smaller arteriolar calibre) has long
been known to be an early vascular response in hypertension
that is associated with systemic peripheral vasoconstriction and

5,53

atherosclerosis®’. By contrast, retinal venular dilatation (wider
venular calibre) is a clinical sign of diabetic retinopathy and retinal
venous occlusion, and is associated with endothelial dysfunction,
inflammation and microvascular hypoxia'>'***. In large epide-
miological studies, such as the atherosclerosis risk in communities
(ARIC) study, the cardiovascular health study and the Rotterdam
study, among others, narrower retinal arteriolar calibre measured
using human-based semi-automated software showed a strong
and consistent association with higher blood pressure'”'***-%
whereas wider retinal venules were associated with higher
glycated-haemoglobin level and diabetes'®*~*". We demonstrated
similar associations using SIVA-DLS. In the regression models, the
CVD risk-factor associations were generally better (at least compa-
rable) for SIVA-DLS, reflecting a higher precision in measurement
compared with SIVA-human.

Second, we demonstrated that the narrower CRAE measured by
SIVA-DLS was associated with incident CVD and all-cause mor-
tality in two prospective cohorts. These results are consistent with
other large prospective studies that used previous human-based
semi-automated software’>***"**. The results of the mortality asso-
ciation in one of our cohorts (BES) should be interpreted with cau-
tion as several key risk factors (for example, blood pressure) were
not available and there were few all-cause mortality cases overall.
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SIVA-DLS

- CRAE, = 116.4 um :
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Fig. 2 | Comparison between SIVA-DLS and SIVA-human in cases with different CVD risk factors. a, Hypertension associated with retinal arteriolar
narrowing. b, Smoking associated with retinal venular widening. ¢, Obesity associated with retinal arteriolar narrowing. In SIVA-human, arterioles and
venules are coloured in red and blue, respectively. Integrated gradients at a selected low-level layer of the neural network were used to generate heat
maps to show the basic features of SIVA-DLS. Similar to the vessel detection by SIVA-human, the heat maps of SIVA-DLS highlighted the boundaries

of the arterioles and venules to predict CRAE and CRVE, respectively. The output values enable users to assess retinal-vessel narrowing or widening
quantitatively. Note that, as segments of retinal vessels were not used for training, the highlighted regions in the SIVA-DLS heat maps are mainly used for
visualization, and are not directly representative of the vessel edge measured by SIVA-human.

Further testing of SIVA-DLS on prospective cohorts with incident
CVD and mortality outcomes will be useful.

Our study used a different approach compared with the study of
Poplin et al.*. Poplin et al. reported that many CVD risk factors can
be predicted from the entire retinal photograph using deep-learning
CNNs without specifying which retinal lesion or feature (for exam-
ple, retinal vessels, optic disc, retinal nerve fibre layer) was respon-
sible for the association. There are concerns regarding the ‘black
box’ phenomenon in such approaches®~"". Poplin et al. also did not
evaluate the ability of their CNNs to prospectively predict incident
CVD from retinal photographs*. Our study design was different;
we trained our CNNs to specifically measure retinal-vessel calibre
(Fig. 1), a feature that most physicians understand is a measure of
vascular health and CVD risk>’>”. As discussed above, many large,
prospective epidemiological studies have shown that individuals
with narrower retinal arterioles are at high risk for CVD***-%%>, We
chose this approach because we believe that using a more-specific
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vascular marker may enable broader acceptance of retinal photog-
raphy as an instrument for CVD risk assessment in the clinical com-
munity”>”*. Both approaches (Poplin’s CNNs using the entire retinal
image and SIVA-DLS specifically focused on retinal-vessel calibre)
may have complementary roles in CVD risk assessment.

The strengths of this study include a large and diverse clinical
sample, with external testing datasets from 15 multiethnic, mul-
ticountry cohorts and >70,000 retinal images in different clinical
settings, the availability of prospective datasets to examine incident
CVD and mortality, and a DLS without intermediate steps (for
example, segmentation of retinal vessel) and with a focused vascular
feature (that is, retinal-vessel calibre) for potential clinical applica-
tion. Furthermore, we demonstrated the robustness of the DLS with
a prototype version in a prospective feasibility study. However, our
study had limitations. First, we trained and tested our SIVA-DLS
on only gradable retinal photographs (proportion of about 93% of
all images). Gradability of retinal photographs is typically based on
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a protocol that includes quality-control measures so that the larg-
est six retinal vessels (arterioles and venules) are visible for retinal
calibre measurement by humans'’. However, as in other algorithms
for retinal photographs, an initial gradability assessment is essen-
tial, combining quality checks for image acquisition and inclusion,
before calibre measurements. We have started developing a separate
CNN for automated filtering of ungradable photographs (which
we have tested on the UK Biobank dataset; Methods), which will
be incorporated into the next version of SIVA-DLS. Second, in
the Bland-Altman plots, there was a suggestion of proportional
biases on CRAE, with poorer agreement between SIVA-DLS and
SIVA-human for the larger CRAE values; this could imply that there
was more variability of SIVA-DLS in younger patients as they tend
to have a larger arteriolar calibre (larger CRAE). We are presently
working on further testing SIVA-DLS on younger cohorts. Third,
as in many deep-learning studies on medical imaging, the labels to
train a CNN may not be ‘gold standard, and can only be classified
as ‘current standard’ Here, despite substantial grader training and
the use of highly standardized protocols, human measurements
were used as ground-truth labels to train the CNN, and the CNN
was therefore probably affected by intergrader variability (that is,
measurement error from human). One approach to address this
is by using the average of multiple human graders for each retinal
photograph; however, creating such datasets is costly and is unavail-
able at present. Fourth, the predictions of retinal-vessel calibre by
SIVA-DLS are quantitative values, and inaccurate prediction is not
easily noticeable by physicians even if the heat maps of SIVA-DLS
highlight the boundaries of the arterioles and venules. Fifth, the
R? values in the regression models of CVD risk factors explained
by retinal-vessel calibre were relatively low, indicating that a large
proportion of variability of CVD risk factors cannot be explained
by retinal vessels. This is not surprising and applies to many of the
current and potential biomarkers of CVD (for example, C-reactive
protein”>’®). Sixth, the presence of subtle retinal pathologies (for
example, retinal haemorrhage) or other features (for example,
reflection of the nerve fibre layer, laser scars) may introduce addi-
tional errors for SIVA-DLS. Finally, although we contacted many
collaborative groups globally to test and validate the SIVA-DLS, the
current data sharing and medico-legal environment has restricted
the ability to share retinal photographs and clinical data.

What are the possible applications of our study? First, an immedi-
ate use of SIVA-DLS is its application in clinical and epidemiological
studies, replacing the need for the presently used semi-automated
systems (SIVA-human). Second, further studies using SIVA-DLS
based on the measuring of retinal vessels will enable the genera-
tion of larger prospective datasets to test clinical value, potentially
enabling clinicians to evaluate patients at risk for CVD. Such studies
may include testing in a real-world setting, such as that which was
performed in our prospective feasibility study. Third, retinal-vessel
calibre measurement has already been incorporated as biomarker
measures in clinical trials for retinal (for example, diabetic reti-
nopathy) and systemic (for example, dementia and hypertension)
diseases”’~*!. For example, Hughes et al.*” showed that antihyperten-
sive treatment is associated with improvement in retinal arteriolar
narrowing, suggesting that measurement of retinal-vessel calibre
can be an additional means to assess the usefulness of new antihy-
pertensive therapies™.

In conclusion, we developed, validated and externally tested a
DLS to measure retinal-vessel calibres from retinal photographs.
Retinal-vessel calibre is a specific clinical feature of CVD risk that
many physicians may appreciate and accept. We showed that such
retinal calibre measurements are correlated with CVD risk factors
and are associated with incident CVD events. This will have imme-
diate value for research application in clinical studies and—ulti-
mately, if proven in future studies—for clinical CVD prediction and
risk stratification.
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We trained and validated and then externally tested a deep-learning CNN to
specifically measure retinal blood vessel (arteriolar and venular) calibres from digital
retinal photographs (referred to as SIVA-DLS) using a large and diverse multiethnic
multicountry dataset of more than 70,000 retinal photographs from 15 datasets.

This study was approved by the human ethics boards of SingHealth, Singapore;
the National Healthcare Group, Singapore; the Western Sydney Local Health
Network, Australia; the Lower South Regional Ethics Committee, New Zealand;
the Kowloon Central/East Research Ethics Committee, Hong Kong; the Medical
Ethics Committee of the Beijing Tongren Hospital, China; the North West
Multicentre Research Ethics Committee, United Kingdom; the Institutional Review
Board of Kangbuk Samsung Hospital, South Korea; and the Human Research
Ethics Committee of Austin Health, Australia. All of the studies were conducted
in accordance with the Declaration of Helsinki, and written informed consent was
obtained from each participant.

Retinal-vessel calibre. For all of the retinal photographs in this study, trained and
experienced human technicians measured retinal arteriolar and venular calibres
from optic-disc-centred digital fundus photographs using the SIVA software (SIVA
v.4.0, referred to as SIVA-human)". The SIVA software automatically identifies

the optic disc, places a grid with reference to the centre of optic disc, identifies

the vessel type and calculates the retinal-vessel calibre. All of the technicians were
masked to participant characteristics and were responsible for the visual evaluation
of the automated measurement and manual intervention, if necessary, according to
a standardized protocol. Technicians may have to recentre the grading grid on the
optic disc, re-mark vessel type and visually evaluate accuracy of vessel tracing, such
that the average grading time per retinal photograph is about 25 min depending on
image quality (~10% and ~20-30% manual correction for good and poor quality
images, respectively)'*". The protocol was first used in the ARIC study based on
the revised Knudtson-Parr-Hubbard formula, and was subsequently modified'"*.
In brief, individual measurements of the retinal arteriolar and venular calibres

of the six largest arterioles and venules were summarized as CRAE and CRVE,
respectively'""”. SIVA calculates the calibres at two regions: the first region from
0.5 to 1.0 disc diameters away from the disc margin (zone B, CRAE; and CRVEy)
and the second region from 0.5 to 2.0 disc diameters away from the disc margin'’
(zone C, CRAE. and CRVE; Supplementary Fig. 1). The intra- and intergrader
reliability for the calibre measurements by human technicians using SIVA is high;
ICCs of >0.9 were reported previously". There is also a high correlation between
SIVA measurement and the commonly used semi-automated retinal-vessel calibre
software used in the ARIC study and other cohorts (for example, retinal analysis,
integrative vessel analysis); these has been reported previously®.

Clinical and image datasets. Training and validation. We used only gradable
retinal photographs with the labelled calibre measurements (CRAE,, CRAE,,
CRVE; and CRVE_ by SIVA-human) for training and validation. Retinal
photographs were obtained from the SEED study, which is a population-based
study comprising adults residing in Singapore aged 40 to 80 years at baseline, from
the following three major ethnic groups: Chinese, Indian and Malay**-*. Digital
retinal photography was taken using a 45° digital retinal camera (CR-DGi 10D;
Canon) after pupil dilation. We divided the SEED dataset into two groups: 80%

to train a CNN model (that is SIVA-DLS) to measure CRAE/CRVE; and 20% to
validate the performance of CRAE/CRVE measured by SIVA-DLS.

External testing to evaluate agreement between DLS and human measurements and
relationship with CVD risk factors. We obtained ten independent retrospectively
collected datasets, listed below, that comprise gradable retinal photographs

with labelled SIVA-human-measured retinal calibre from different clinical

and population settings for assessing the agreement between SIVA-DLS and
SIVA-human, and for comparing the relationship with CVD risk factors.

(1) Singapore prospective study program (SP2)

(2) Dunedin multidisciplinary health and development study (Dunedin study)

(3) Hong Kong children eye study (HKCES)

(4) Australian heart eye study (AHES)

(5) Retinal imaging in chest pain study (RICP study)

(6) Retinal imaging in renal disease study (IRED study)

(7) Chinese University of Hong Kong sight-threatening diabetic retinopathy
study (CUHK-STDR study)

(8) Growing up in Singapore towards healthy outcomes study (GUSTO study)

(9) Singapore integrated diabetic retinopathy program (SiDRP)

(10) Cardiovascular disease screening using retinal vascular imaging study (CVD
screening study)

SP2 was a population-based cohort study of participants aged 24-95 years living
in Singapore who attended a detailed health examination”. A subgroup of healthy
participants from SP2 were randomly selected, and was defined as no history/
presence of stroke, heart disease, diabetes mellitus, uncontrolled hypertension,
obesity, current smoking, high myopia, glaucoma or any retinal diseases*. The
Dunedin study was a prospective cohort study based on a population-representative
1972-1973 birth cohort from New Zealand of 93% white European ancestry®.
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HKCES was a population-based cohort study of eye conditions in children of grade 1
to grade 3 (aged about 6-8 years) from primary schools in Hong Kong”. AHES was
a hospital-based study of patients with symptoms for assessing suspected coronary
artery disease by coronary angiography at Westmead hospital in Sydney, Australia”.
The RICP study was a hospital-based study of retinal abnormalities in patients with
low-risk acute coronary syndrome who had chest pain (thrombolysis in myocardial
infarction risk score <3) presenting to the Emergency Department, National
University Hospital, Singapore. The IRED study was a hospital-based study of retinal
abnormalities in patients with chronic kidney disease recruited from nephrology
clinics in National University Hospital in Singapore. The CUHK-STDR study was a
hospital-based study of diabetic retinopathy in participants with diabetes recruited
from the Hong Kong Eye Hospital in Hong Kong®. The GUSTO study was an
ongoing prospective birth cohort, aiming to study the diet and lifestyle of mothers
during pregnancy and the long-term effects of these factors on their childrens
development after birth”. SiDRP was a community-based diabetic retinopathy
screening program for participants with diabetes in public primary care clinics in
Singapore’’. CVD screening study was a community-based study of CVD screening
using retinal vascular imaging in participants older than 40 years without a history
of stroke and heart disease recruited from a community-based clinic in Singapore”.
In these datasets, except for the cohorts with diabetes (CUHK-STDR and
SiDRP), retinal photograph of the right eye of each participant was selected; if the
right eye photograph was ungradable, the measurement was performed on the left
eye. In the diabetic cohorts, one eye was randomly selected for the current study.
We obtained individual CVD risk factors from these studies as far as possible.
For most, systolic and diastolic blood pressures were measured using digital blood
pressure monitors. MABP was calculated as two-thirds of diastolic plus one-third
of systolic blood pressure. BMI was calculated from measured weight and height.
Smoking status was collected from interviews; current smokers were defined as
those who were currently smoking any number of cigarettes (that is, current versus
past smoker/never smoked). Glycated-haemoglobin (%) and total cholesterol
(mmoll™") were measured from venous samples at hospital reference laboratories.

External testing to evaluate the relationship between the DLS measurements and

the incident CVD, mortality and CVD risk factors. We applied the SIVA-DLS

to retrospectively measure CRAE and CRVE from baseline gradable retinal
photographs in the following external test sets, comprising cohorts with prospective
data to evaluate incident CVD events, mortality in addition to CVD risk factors.

(1) The SEED study

(2) 'The BES

(3) The UK Biobank

(4) The KSH study

(5) The Austin health study

In the SEED study, incident CVD event was obtained by linking with the
stroke, myocardial infarction and mortality cases registered by National Registry of
Diseases Office, Singapore, by record linkage. An incident CVD event was defined
as a newly diagnosed clinical stroke or myocardial infarction or CVD mortality*.
Stroke and myocardial infarction data and mortality data that were recorded during
the period between baseline examination and 31 December 2015, and between
baseline examination and 31 May 2017, respectively, were used. We examined
the associations between SIVA-DLS measurements at baseline with incident
CVD events. The BES was a population-based study that included 4,439 of 5,324
participants (aged at least 40 years) who were initially examined in 2001 in northern
China*. In 2011, the study was repeated by reinviting all of the participants from
the survey from 2001. Information about whether the individuals who participated
in the baseline survey in 2001 but did not participate in the follow-up examination
in 2011 were alive or dead was obtained by house visits, phone, asking neighbours
and contacting the local municipal authorities”. We examined the associations
between SIVA-DLS measurements at baseline with ten-year all-cause mortality.
The UK Biobank is a large, multisite study of >500,000 UK residents aged between
40 and 69 years who were registered with the National Health Service to examine
genetic and environmental risk factors for complex diseases of middle and old
age in the UK population, with a subset of participants who underwent retinal
photography and other ocular examination”. The KSH study was a medical health
check-up program for promoting employee health through regular examinations
and to enhance the early detection of existing diseases, with a subgroup of
participants who underwent transcranial Doppler ultrasonography and retinal
photography”. The Austin Study was a hospital-based study of patients with risk
factors of atherosclerosis and coronary artery disease presenting to cardiology
outpatient clinics in Austin Health in Heidelberg, Australia®. We correlated
SIVA-DLS measurements with available CVD risk factors in these cohorts.

As there was originally no label on gradability in the UK Biobank dataset, we
applied a recently developed deep-learning algorithm to filter out ungradable retinal
photographs (T.H.R. et al., unpublished data). Using this algorithm, we were able to
use 45,644 gradable retinal photographs from the UK Biobank in our current analysis.

Prospective feasibility study to test the performance of SIVA-DLS in a clinical
setting. We developed a prototype interface of SIVA-DLS with fully-automated
measurements of CRAE;, CRAE, CRVE; and CRVE_ as outputs, and conducted
a prospective feasibility study to test the performance of the SIVA-DLS using this
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interface. Between 1 December 2019 and 31 December 2019, we included 100
participants who were undergoing a telemedicine-based diabetic retinopathy
screening program as part of the SiDRP*". For each participant, retinal photographs
from both eyes were captured using a retinal camera (Topcon NW8, Topcon) and
were sent to the SNEC Ocular Reading Center (SORC) for diabetic retinopathy
assessment using a secured IT infrastructure, as described previously”. The retinal
photograph of the right eye was graded by a trained technician using SIVA-human
in the SORC. The same retinal photograph was also uploaded to the SIVA-DLS
through the interface for fully-automated retinal-vessel calibre measurement.

Development of the DLS CNN. SIVA-DLS uses a propagation mechanism that
enables the deepening and widening of the neural architecture'”. The input to the
SIVA-DLS was a normalized cropped retinal image (512 pixels X 512 pixels), and

the output was a fully connected layer with the predicted calibre measurements
(CRAE,, CRAE, CRVE; and CRVE,) of the input image. The fully connected layer
learned proper weights according to different features for obtaining retinal-vessel
calibre values at different zones. It gives high weight to features within zone B when
calculating CRAE; and CRVE,, and high weight to features within zone C when
calculating CRAE and CRVE_. SIVA-DLS comprises five dense blocks alternating
with transition layers to downsample the features. Each dense block is a series of 100
cAdd units packed with two types of convolutions (1X 1 and 3 X 3). Every transition
layer is a 1 X 1 convolution with pooling. Supplementary Figure 2 shows the detailed
architecture of the SIVA-DLS. We trained the SIVA-DLS for 300 epochs with a batch
size of 80, and used a cosine-shaped learning rate from 0.1 to 0. To reduce overfitting,
we performed data augmentation by randomly rotating the training images by
0-180°, and also introduced dropout with a rate of 0.2 as a regularization technique.
The heat maps of selected high-level layer and low-level layer of the CNN generated
by integrated gradients in Fig. 1 highlights the boundaries of the arterioles and
venules that the SIVA-DLS focuses on to calibrate the CRAE and CRVE prediction.

Statistical analysis. We performed the following statistical analyses using standard
statistical software (SPSS, v.24.0; STATA, v.13; MedCalc, v.18.10.2).

First, to assess the validity of SIVA-DLS using SIVA-human data, we examined
the distribution and agreement in calibre measurements (CRAE;, CRAE., CRVE;
and CRVE,,) using the ICC and the Bland-Altman plots between the two methods.

Second, we constructed multivariable linear and logistic regression models to
correlate each CVD risk factor (age, gender, MABP, BMLI, glycated-haemoglobin
level, smoking and total cholesterol level as dependent variables) and retinal calibre
measurements (independent variables and analysed as per each s.d. increase),
adjusting for age (except the models of age), gender (except the models of gender)
and fellow calibre (that is, CRVE was included as an independent variable in the
model for CRAE, and vice versa). Goodness of fit of the regression models was
evaluated by R,? (ref. '"'). R? is defined as:

2
n

1— Likelihood (regression model)
Likelihood(null model)
R2
N =

1 — Likelihood(null model)*"

2
n

Likelihood(regression mndel)} is also known as the Cox

Where the numerator 1 — { Likelihood (null model)

and Snell’s pseudo R?, which measures the ratio of improvement in likelihood
comparing the regression model over the null model with only the interception
term; n represents the number of observations in the dataset such that the nth
square root is served as a geometric mean of the likelihood for each observation.
As Cox and Snell’s pseudo R? ranges from 0 to a value of less than 1, R,? introduced

1

T Likelihood (mal model to rescale the index from 0 to 1. We then

the denominator

used bootstrap t-test with 5,000 replicates to compare the two regression models
(that is, SIVA-DLS and SIVA-human). If the P value of the bootstrap t-test is less
than 0.05, this indicates that the model with larger R,? predicts the CVD risk
factors significantly better compared with the other model.

Third, we examined SIVA-DLS measurements with incident clinical CVD
outcomes and mortality. In the SEED, we performed Cox proportional-hazards
regression to estimate the HR between SIVA-DLS measurements with incident CVD.
In the BES, we performed logistic regression models to estimate the OR between
SIVA-DLS measurements to ten-year all-cause mortality (as data on time-to-event
were unavailable). In the KSH study, we performed multiple linear regression
models to correlate each of the CVD risk factors and SIVA-DLS measurements.

Finally, to test the outcomes of the prospective feasibility study, we assessed the
agreement of calibre measurements between the two methods using the ICC.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available within the paper
and its Supplementary Information. The deidentified individual-participant
data and data on the evaluation of retinal photographs used in the SIVA-DLS are
available on request from the corresponding author or C.Y. Cheung

(e-mail: carolcheung@cuhk.edu.hk).
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Data exclusions  We excluded any retinal photographs that were of poor quality or with missing data.
Replication We ensured that our results generalized over external testing datasets that were not used for training.
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Blinding Because the study was retrospective, no blinding was necessary. Splits for training and validation were random and automatically generated.
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Population characteristics The deep-learning analysis involved retrospective training and validation. For the training and validation of SIVA-DLS, retinal
photographs were retrospectively obtained from the Singapore Epidemiology of Eye Diseases (SEED) study, a population-based
study comprising of adults residing in Singapore aged 40 to 80 years at baseline, from 3 major ethnic groups: Chinese, Indians
and Malays. For the testing of SIVA-DLS, retinal photographs from 10 independent retrospectively collected dataset were used:
1) Singapore Prospective Study Program (SP2);

2) Dunedin Multidisciplinary Health and Development Study (Dunedin study);

) Hong Kong Children Eye Study (HKCES);

) Australian Heart Eye Study (AHES);

) Retinal imaging in Chest Pain study (RICP study);

) Retinal imaging study in renal patients (IRED study);

) Chinese University of Hong Kong Sight-Threatening Diabetic Retinopathy study (CUHK-STDR study);

) Growing Up in Singapore Towards Healthy Outcomes study (GUSTO study);

9) Singapore Integrated Diabetic Retinopathy Program (SiDRP) and

10) Cardiovascular Disease Screening using Retinal Vascular Imaging study (CVD screening study).
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For external testing to evaluate tthe relationship of DLS with incident CVD, mortality and CVD risk factors, 5 datasets were used:

1) The SEED study;

2) The Beijing Eye Study (BES);

3) The United Kingdom Biobank (UK Biobank);

4) The Kangbuk Samsung Health Study (KSH study) and
5) The Austin Health Study (Austin study).




Recruitment The SEED study was a population-based study comprising adults residing in Singapore aged 40 to 80 years at baseline, from 3
major ethnic groups: Chinese, Indians and Malays. SP2 was a population-based cohort study of participants aged 24-95 years
living in Singapore who attended a detailed health examination. A sub-group of healthy subjects from SP2 were randomly
selected, which was defined as no history/presence of stroke, heart disease, diabetes mellitus, uncontrolled hypertension,
obesity, current smoking, high myopia, glaucoma or any retinal diseases. Dunedin study was a prospective cohort study based on
a population-representative 1972—-1973 birth cohort from New Zealand, 93% White European ancestry. HKCES was a population-
based cohort study of eye conditions in children of Grade 1 to Grade 3 (aged about 6-8 years) from primary schools in Hong
Kong. AHES was a hospital-based study of symptomatic patients for assessment of suspected coronary artery disease by
coronary angiography presenting to Westmead hospital in Sydney, Australia. RICP study was a hospital-based study of retinal
abnormalities in low-risk acute coronary syndrome patients with chest pain (thrombolysis in myocardial infarction [TIMI] risk
score <3) presenting to the Emergency Department, National University Hospital, Singapore. IRED study was a hospital-based
study of retinal abnormalities in patients with chronic kidney disease recruited from nephrology clinics in National University
Hospital in Singapore. CUHK-STDR study was a hospital-based study of diabetic retinopathy in subjects with diabetes recruited
from Hong Kong Eye Hospital in Hong Kong. GUSTO study was an ongoing prospective birth cohort, aiming to study mothers’ diet
and lifestyle during pregnancy and their long-term effects on their offspring’s development after birth. SIDRP was a community-
based diabetic retinopathy screening program for subjects with diabetes in public primary care clinics in Singapore. CVD
screening study was a community-based study of CVD screening using retinal vascular imaging in subjects older than 40 years
without a history of stroke and heart disease recruited from a community-based clinic in Singapore.
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The BES was a population-based study that included 4,439 of 5,324 subjects (aged >40 years) who were initially examined in
2001 in Northern China. In the year 2011, the study was repeated by re-inviting all participants from the survey from 2001.
Information about being alive or dead of subjects, who participated in the baseline survey in 2001 but did not participate in the
follow-up examination in 2011, was obtained by house visits, by phone, by asking neighbours and by contacting the local
municipal authorities. We examined the associations between SIVA-DLS measurement at baseline with 10-year all-cause
mortality. The UK Biobank is a large, multisite, study of >500,000 UK residents aged between 40 and 69 years who were
registered with the National Health Service to examine genetic and environmental risk factors for complex diseases of middle
and old age in the UK population, with a subset of participants underwent retinal photography and other ocular examination.
The KSH study was a medical health check-up program for promoting employee health through regular examinations and to
enhance early detection of existing diseases, with a subgroup of participants who underwent transcranial Doppler
ultrasonography and retinal photography. The Austin Study was a hospital-based study of patients with risk factors of
atherosclerosis and coronary artery disease presenting to cardiology outpatient clinics in Austin Health in Heidelberg, Australia.
We correlated SIVA-DLS measurement with available CVD risk factors in these cohorts.

Ethics oversight This study was approved by the human ethics boards of SingHealth, Singapore, the National Healthcare Group, Singapore, the
Western Sydney Local Health Network, Australia, the Lower South Regional Ethics Committee, New Zealand, the Kowloon
Central/East Research Ethics Committee, Hong Kong, the Medical Ethics Committee of the Beijing Tongren Hospital, China, the
North West Multicentre Research Ethics Committee, UK, the Institutional Review Board of Kangbuk Samsung Hospital, South
Korea, and the Human Research Ethics Committee of Austin Health, Australia. All studies were conducted in accordance with the
Declaration of Helsinki, with written informed consent obtained from each participant.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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