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Aims: To develop and validate a nomogram using retinal vasculature features and clinical variables to predict
coronary artery disease (CAD) in patients with suspected angina.

Methods: The prediction model consisting of 795 participants was developed in a training set of 508
participants with suspected angina due to CAD, and data were collected from January 2018 to June 2019. The
held-out validation was conducted with 287 consecutive patients from July 2019 to November 2019. All patients
with suspected CAD received optical coherence tomography angiography (OCTA) examination before
undergoing coronary CT angiography. LASSO regression model was used for data reduction and feature
selection. Multivariable logistic regression analysis was used to develop the retinal vasculature model for
predicting the probability of the presence of CAD.

Results: Three potential OCTA parameters including vessel density of the nasal and temporal perifovea in the
superficial capillary plexus and vessel density of the inferior parafovea in the deep capillary plexus were further
selected as independent retinal vasculature predictors. Model clinical electrocardiogram (ECG) OCTA (clinical
variables + ECG + OCTA) was presented as the individual prediction nomogram, with good discrimination (AUC
0f 0.942 [95% CI, 0.923-0.961] and 0.897 [95% CI, 0.861-0.933] in the training and held-out validation sets,
respectively) and good calibration. Decision curve analysis indicated the clinical applicability of this retinal
vasculature nomogram.

Conclusions: The presented retinal vasculature nomogram based on individual probability can accurately
identify the presence of CAD, which could improve patient selection and diagnostic yield of aggressive testing
before determining a diagnosis.
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Introduction

Angina is the most common initial manifestation
of coronary artery disease (CAD), and patients with
new-onset angina might experience cardiac events in
1-2 years". Therefore, it is critical to early detect and
timely manage the suspected angina due to CAD?.
Great improvements had been made in clinical rapid
assessments of suspected CAD?, but many patients
remained misdiagnosed. In the current context, more
and more clinical trials have sought to streamline
patient selection in identifying CAD. Several
population-derived risk scores focused on the accuracy
and comparability of coronary computed tomography
angiography (CCTA) examination have thus been
developed*®. Simple and accurate examinations
continue to be needed in patient populations with
suspected CAD before settling on a diagnosis.

Retinal vasculature holds sufficient information
regarding vascular health”!?, heart failure'",
hypertension'?, and subtypes of stroke'?. With the
assistance of deep learning, recent studies have
explored the value of retinal imaging in the prediction
of cardiovascular risk factors'”, as well as the changes
of retinal microvasculature affected by hypertension'
and other chronic diseases'®. Besides, retinal
vasculature was found to be associated with CAD,
which could provide additional implications on
cardiovascular risks coexisting with microvascular
dysfunction in patients'” '¥. However, these studies
mostly focused on fundus photographs, which
contained limited measurable information on retinal
vasculature. Optical coherence tomography
angiography (OCTA) is an automatic ophthalmic
technique used to noninvasively visualize and
quantitatively measure the ocular structures. An
optimal approach with the implementation of retinal
vasculature features, measured by OCTA examination,
to explore the availability and clinical usefulness in

predicting CAD has yet to be developed.

Aim
Therefore, in this cross-sectional study, we aimed
to develop and validate a nomogram on the basis of
quantified retinal vasculature features among patients
with suspected angina due to CAD. If this model
could be clinically used to predict the presence of
CAD, it might benefit the medical community in

terms of optimizing patient selection. In the
meantime, it might also improve the diagnostic yield
and cost-effectiveness of CCTA or coronary

angiography (CAG) examinations.

Materials and Methods

Study Population

This was a cross-sectional study mainly
conducted in the Department of Cardiology,
Guangdong Provincial People’s Hospital—a tertiary
hospital and key cardiovascular institute in South
China. The study was approved by the Research Ethics
Committee of the hospital (No. GDREC2019554H(R1))
and was performed according to the Declaration of
Helsinki. Patient consent was obtained prior to the study.

The study was designed to collect demographic,
clinical, and imaging data for patients with suspected
chest pain due to CAD referred by primary-care
cardiologists. All the participants underwent CCTA
examinations. The confirmation of CAD on CCTA
examination referred to the presence of lumen
diameter reduction > 50% in at least one major
coronary artery. Overall, from January 2018 to June
2019, our training set consecutively included 508
participants: 281 patients with CAD and 227
participants without CAD. Of the 508 participants,
346 were males and 162 females, with a mean age of
59 years. From July 2019 to November 2019, a held-
out validation set study was performed using the same
inclusion criteria as the training set, resulting in 287
participants: 140 patients with CAD and 147
participants without CAD. Of the 287 participants,
176 were males and 111 females, with a mean age of
59 years. All the included participants received an
OCTA examination before the CCTA procedure.

Exclusion criteria included patients with 1) pre-
existing hypertensive or diabetic retinopathy (HR or
DR, respectively) based on the medical history
provided and the clinical examination results of slit-
lamp biomicroscopy, indirect ophthalmoscopy, two
45-degree mydriatic colour fundus photographs, and
OCTA. 2) uncooperating with ophthalmic
examinations; or 3) moderate or high refractive error
(>+3 dioptres). Patients with prior CAD and

revascularisation were also excluded.

Clinical Data
A structural interview before OCTA and CCTA
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examinations was conducted to collect baseline data
on the presence of cardiovascular risk factors. The
participants’ age, sex, body mass index, and history of
hypertension and diabetes mellitus—as well as the
baseline cholesterol values—were documented. A
resting electrocardiogram (ECG) was performed for
all patients on admission, which was recorded as
normal or abnormal depending on the manifestation
of regional change in ST segment or T wave. The
thresholds for laboratory risk factors used in stratified
analyses were defined according to the guidelines on
the management of dyslipidemia'?.

Retinal Image Acquisition and Assessment

OCTA (RTVue-XR Avanti; Optovue, Fremont,
CA, USA) is a fast (<1 minute per eye) ophthalmic
examination with a 840-nm-wavelength spectral-
domain OCT that generates 304 %304 scans in 2.9
seconds at a speed of 70 kHz?"2". The device uses a
split-spectrum amplitude-decorrelation angiography
algorithm??.

Specifically, in this study, OCTA data consisted
of the vasculature features of the macular and disc
area. The vessel density (VD) of the superficial
capillary plexus (SCP), deep capillary plexus (DCP),
foveal density (FD-300), and radial peripapillary
capillary (RPC) was measured. Further, the retinal
nerve fiber layer (RNFL) thickness was quantified.
Descriptions of the OCTA examination and retinal
vasculature features are shown in the Supplemental

Material and Supplemental Fig. 1.

CCTA Procedure and Assessment

CCTA image acquisition and processing were
performed according to the local protocol. All the
participants were scheduled to undergo a >
64-detector row CCTA evaluation. All coronary scans
were analyzed by two experienced cardiologists
blinded to the adjunctive investigations and retinal
assessment results.

Machine Learning

The patients included in our analyses were
characterized by ECG assessment and a total of nine
readily available demographic clinical variables. A
machine learning (ML) algorithm was constructed to
differentiate patients with CAD from those without
CAD. The ML technique was implemented using the
R software (version 3.6.3; http://www.Rproject.org).

In the training data set, the least absolute
shrinkage and selection operator (LASSO) method
(glmnet) was employed to select the most predictive
clinical variables and OCTA parameters according to
the strength of the univariable association with

outcomes™. The “rms” package was used to create
models in order to classify patients with suspected
CAD. The training set was created using 10-fold
cross-validation. Briefly, the data set was randomly
and equally divided into 10 folds, followed by the
performance of 10 validation experiments. Each fold
took turns to be the testing set, and the remaining
nine folds were regarded as the training sets. In the
end, the overall performance was provided on the
basis of the combination of 10 experimental models.
The ultimate point of this cross-validation was to
obtain a more accurate estimate of model prediction.

Statistical Analysis

The mean=*standard deviation was used to
present quantitative variables with normal
distributions, median (interquartile ranges) to present
quantitative variables with abnormal distributions,
and percentages to describe categorical variables.

OCTA data and clinical variables were selected
by LASSO. The performance of Model OCTA was
compared with the performance of Model ECG—the
primary screening method for suspected CAD.
Besides, to create a better model in predicting CAD,
clinical variables selected by LASSO and ECG
assessment were added to Model OCTA. This study
aimed to provide a clinical quantitative tool for
doctors to predict the individual probability of the
presence of CAD. A nomogram was, therefore, built
on the basis of the results of multivariable logistic
regression analysis in the training set. Calibration
analyses by the rms package were applied to evaluate
the calibration of the nomogram. The nomogram was
then applied to all the participants in the held-out
validation set, with the total points for each
participant calculated.

Decision curve analysis (DCA) by the “rmda”
package was conducted in the held-out validation data
set to assess the clinical application of the nomogram,
where the individual net benefits at different threshold
probabilities were calculated.

The classification performances of the models
were reported using the area under the curve (AUC)
and the associated 95% confidence interval (CI). All
statistical tests with p<0.05 were considered
significant.

Results

Clinical Characteristics

The flowchart of participant selection is shown
in Supplemental Fig.2, and the characteristics of the
two data sets are presented in Table 1. The presence
of CAD was 281 (55.3%) and 140 (48.8%) in the
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Table 1. Baseline characteristics of the participants in training and held-out validation sets (z=795)

Training set (2=508) Held-out validation set (z=287)
Non-CAD CAD cohort Non-CAD CAD cohort
cohort (2=227) (n=281) p-value cohort (n=147) (n=140) p-value
Cardiovascular characteristics
Age (years), mean = SD 57.3 +10.4 59.8 9.4 0.005* 59.2+11.3 60.1+9.7 0.576
Sex, 7 (%) <0.001* <0.001*
Male 121 (53.3) 225 (80.1) 65 (44.2) 111 (79.3)
Female 106 (46.7) 56 (19.9) 82 (55.8) 29 (20.7)
BML 7 (%) 0.046* 0.008*
<25 kg/m* 159 (70.0) 173 (61.6) 118 (80.3) 93 (66.4)
> 25 kg/m2 68 (30.0) 108 (38.4) 29 (19.7) 47 (33.6)
Hypertension, 7 (%) 0.008* 0.759
Without 62 (27.3) 108 (38.4) 51 (34.7) 51 (36.4)
With 165 (72.7) 173 (61.6) 96 (65.3) 89 (63.6)
Diabetic mellitus, 7 (%) 0.032* 0.067
Without 166 (73.1) 228 (81.1) 124 (84.4) 106 (75.7)
With 61 (26.9) 53 (18.9) 23 (15.6) 34 (24.3)
Cholesterol levels
Triglycerides, 7 (%) 0.001* 0.001*
< 1.7 mmol/L 176 (77.5) 181 (64.4) 116 (78.9) 86 (61.4)
>1.7 mmol/L 51 (22.5) 100 (35.6) 31 (21.1) 54 (38.6)
Total cholesterol, 7 (%) <0.001* 0.102
< 4.1 mmol/L 144 (63.4) 122 (43.4) 88 (59.9) 82 (58.6)
> 4.1 and < 5.2 mmol/L 31 (13.7) 90 (32.0) 23 (15.6) 34 (24.3)
>5.2 mmol/L 52 (22.9) 69 (24.6) 36 (24.5) 24 (17.1)
HDL-C, 7 (%) <0.001* <0.001*
< 1.0 mmol/L 4(1.8) 151 (53.7) 13 (8.8) 75 (53.6)
>1.0 mmol/L 223 (98.2) 130 (46.3) 134 (91.2) 65 (46.4)
LDL-C, 7 (%) <0.001* <0.001*
< 1.8 mmol/L 5(2.2) 26 (9.3) 3 (2.0) 17 (12.1)
> 1.8 and <2.6 mmol/L 24 (10.6) 84 (29.8) 16 (10.9) 45 (32.2)
5916 izl €50 el 4(1.7) 44 (15.7) 10 (6.8) 20 (14.3)
> 3.0 mmol/L 194 (85.5) 127 (45.2) 118 (80.3) 58 (41.4)
ECG, 7 (%) <0.001* <0.001*
Normal 222 (97.8) 168 (59.8) 143 (97.3) 87 (62.1)
Abnormal 5(2.2) 113 (40.2) 4(2.7) 53 (37.9)
VD in the SCP
Perifovea-tempo 4638 £ 4.44 4573395 0.082 46.69 = 4.68  44.20 = 4.33 <0.001*
Perifovea-nasal 53.86 +4.17 52.83 £3.52 0.003* 53.66 = 4.23 51.95 £ 4.44 0.001*
VD in the DCP
Parafovea-inferior 55.07 £5.23 50.94 = 5.36 <0.001* 54.98 + 4.87 49.39 £5.87 <0.001*
Perifovea-superior 52.93 £7.39 48.75 £ 6.92 <0.001* 52.68 £7.17 4750+7.17 <0.001*
Superior-hemi 52.12 £6.22 48.35 £5.72 <0.001* 51.94 = 6.19 47.19 £5.56 <0.001°*

Abbreviations: CAD, coronary artery disease; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipopro-

tein cholesterol; ECG, electrocardiogram; SCE superficial capillary plexus; DCP, deep capillary plexus.

Continuous variables are displayed as mean #* standard deviation; categorical data are displayed as numbers (percentages).

The thresholds for total cholesterol were 4.1 and 5.2 mmol/L; the triglyceride value that defined hypertriglyceridemia was >1.7 mmol/L, and the

threshold for HDL-C was 1.0 mmol/L. LDL-C was the primary target for cardiovascular disease prevention in different risk stratifications, with the
oals of <1.8 mmol/L for the very high-risk group, <2.6 mmol/L for the high-risk group, and <3.0 mmol/L for the low- to moderate-risk group.
£<0.05 is considered statistically significant.
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Clinical variables

Cholesterol levels

]
m

Medical history

LASSO model

Most predictive
clinical variables

i

Total cholesterol

HDL-C

LDL-C

Fig. 1. Flow chart of feature selection

Retinal vasculature features

VD of the SCP, DCP,
FAZ and RPC

RNFL of the RPC

Most predictive retinal
vasculature features

VD of temporal perifovea in the SCP

VD of nasal perifovea in the SCP
VD of whole-image, superior hemi in the DCP

VD of inferior parafovea in the DCP

VD of superior perifovea in the DCP

Abbreviation: BMI, body mass index; SCP, superficial capillary plexus; DCP, deep capillary
plexus; RPC, radial peripapillary capillary; RNFL, retinal never fiber layer; VD, vessel density;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.

training and held-out validation sets, respectively. The
presence of an abnormal resting ECG was 118
(23.2%) and 57 (19.9%) in the training and held-out
validation sets, respectively. Although there was a
temporal disconnect, most of the clinical variables did
not show significant differences between the training
and held-out validation sets or within the non-CAD
and CAD groups (see Supplemental Table 1). The
analyses of retinal vasculature features among the
study groups are provided in Supplemental Table 2.

Feature Selection

A total of 71 retinal vasculature features were
reduced to five potential predictors (VD of the nasal
and temporal perifovea in the SCP and VD of the
inferior parafovea, superior perifovea, and whole-
image, superior hemi in the DCP); and a total of nine
clinical variables were reduced to four potential
predictors (sex, total cholesterol, LDL-C and HDL-C)
on the basis of 508 participants in the training set (see
Fig. 1 and Supplemental Fig. 3).

Development, Apparent Performances, and Clinical
Application of An Individual Prediction Model
Multivariable logistic regression analysis began
with above four clinical variables, ECG assessment
and five OCTA parameters, and then identified four

clinical variables (sex, total cholesterol, LDL-C and

HDL-C), ECG assessment, and three potential OCTA
parameters (VD of the nasal and temporal perifovea in
the SCP and VD of the inferior parafovea in the
DCP) as independent predictors (Table 2). The
Model clinical ECG OCTA that incorporated the
selected independent predictors was presented as the
retinal vasculature nomogram (Fig.2).

The calibration curves for the probability of
CAD using this nomogram indicated good agreement
between the prediction and observation in both the
training and held-out validation sets (Supplemental
Fig.4).

Model ECG exhibited good performance in
terms of predicting individuals with CAD, with an
AUC of 0.690 (95% CI, 0.660-0.720) and 0.677
(95% CI, 0.634-0.720) in the training and held-out
validation sets, respectively. Model OCTA exhibited
the better performance than Model ECG in terms of
predicting individuals with CAD, with an AUC of
0.758 (95% CI, 0.716-0.799) and 0.730 (95% CI,
0.673-0.788) in the training and held-out validation
sets, respectively. With the addition of common
clinical variables assessment into Model ECG and
Model OCTA, the performance of Model clinical
ECG (ECG +clinical variables) to predict CAD was
significantly improved, with an AUC of 0.914 (95%
ClI, 0.891-0.937) and 0.850 (95% CI, 0.805-0.895)

in the training and held-out validation sets,
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Table 2. Risk factors for predicting coronary artery disease in the nomogram

Intercept and variables B OR (95% CI) p-value
Intercept 16.816 <0.001*
Sex -0.890 0.41 (0.30-0.57) <0.001*
ECG 1.898 6.67 (4.53-9.97) <0.001*
Total cholesterol 0.953 2.59 (2.12-3.20) <0.001*
HDL-C -4.009 0.02 (0.01-0.04) <0.001°*
LDL-C -0.806 0.45 (0.37-0.54) <0.001*
Temporal perifovea in the SCP 0.154 1.17 (1.09-1.25) <0.001*
Nasal perifovea in the SCP -0.124 0.88 (0.82-0.95) <0.001*
Inferior parafovea in the DCP -0.165 0.85 (0.82-0.88) <0.001*
C index

Training set
Held-out validation set

0.942 (0.923-0.961)
0.897 (0.861-0.933)

Abbreviations: OR, odds ratio; CI, confidence interval; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-den-
sity lipoprotein cholesterol; SCP, superficial capillary plexus; DCE, deep capillary plexus.
B is the regression coefficient. Cholesterol values are presented as categorical variables, and the retinal vasculature fea-

tures are presented as continuous variables.
£<0.05 is considered statistically significant.

Points

Sex —

ECG

Total cholesterol

LDL-C

HDL-C

WD of perifovea-nasal

in the SCP 62 60 58 56 54 52 50 48 46

VD of perifovea-tempo

in the SCP Y 30 31 34 3 38

VD of parafovea-inferior

in the DCP 70 ,;‘5 E'ﬂ

Total points H pA 0

20 5 30 35

Probability of CAD - "
0.01 0.05 0.1

Fig.2. Developed retinal vasculature nomogram

0.3 05 o7 09 085 0.9% 0.99%

The clinical variables were presented as categorical variables. Number signature definition: Sex: 1 =male and
2 =female; Total cholesterol: 1=>5.2 mmol/L, 2=> 4.1 and < 5.2 mmol/L, and 3=<4.1 mmol/L; LDL-
C: 1=<1.8 mmol/L, 2=> 1.8 and <2.6 mmol/L, 3=> 2.6 and <3.0 mmol/L, and 4=> 3.0 mmol/L;

HDL-C: 1=< 1.0 mmol/L and 2=>1.0 mmol/L.

The results of ECG assessment were presented as categorical variables: 0=normal and 1=abnormal.

The retinal vasculature features were presented as continuous variables.

Abbreviations: ECG, electrocardiogram; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density
lipoprotein cholesterol; VD, vessel density; SCD, superficial capillary plexus; DCP, deep capillary plexus.

respectively; the performance of Model clinical OCTA
(OCTA +clinical variables) to predicc CAD was
significantly improved, with an AUC of 0.910 (95%
ClI, 0.887-0.934) and 0.862 (95% CI, 0.819—0.905)
in the training and held-out validation sets,
respectively. The Model clinical ECG OCTA
(nomogram) performed best in discriminating CAD

from non-CAD participants, with an AUC of 0.942
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(95% CI, 0.923-0.961) and 0.897 (95% CI, 0.861—
0.933) in the training and held-out validation sets,
respectively. The sensitivity and specificity in
predicting CAD of these models are shown in Fig. 3.
The DCA for this retinal vasculature nomogram
is presented in Fig.4. A model is considered clinically
useful when it has the highest net benefit across the
threshold range, for which an individual is designated
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° ECG AUC = 0.690 < ECG AUC = 0.677
OCTA AUC = 0.758 OCTA AUC = 0.730
< Clinical ECG AUC = 0.914 <] Clinical ECG AUC = 0.850
Clinical OCTA AUC = 0.910 Clinical OCTA AUC = 0.862
ER Clinical ECG OCTA AUC = 0.942 39 Clinical OCTA ECG AUC = 0.897
T T T T T T T T T T T
10 08 06 04 02 0.0 1.0 08 0.6 04 02 0.0
Specificity Specificity
(A) Training set (B) Held-out validation set

Sensitivity Specificity Sensitivity Specificity

Model ECG 0.402 0.978 0.381 0.973
Model OCTA 0.694 0.696 0.571 0.782
Model clinical ECG 0.726 0.960 0.800 0.816
Model clinical OCTA 0.779 0.868 0.800 0.816
Model clinical ECG OCTA 0.822 0.925 0.813 0.850

Fig.3. Discrimination curves of the prediction models in two data sets

ROC curves for Model ECG, Model OCTA, Model clinical OCTA, Model clinical ECG, and Model clinical ECG OCTA (nomogram) in
differentiating patients with CAD from those without CAD in the (A) training and (B) held-out validation sets.

Model clinical OCTA includes four clinical variables (sex, total cholesterol, HDL-C and LDL-C) and five OCTA parameters (VD of the nasal
and temporal perifovea in the SCP and VD of the inferior parafovea, superior perifovea, and whole-image, superior hemi in the DCP).

Model clinical ECG includes four clinical variables (sex, total cholesterol, HDL-C and LDL-C) and ECG assessments.

Model clinical ECG OCTA (nomogram) includes four clinical variables (sex, total cholesterol, HDL-C and LDL-C), ECG assessments, and
three OCTA parameters (VD of the nasal and temporal perifovea in the SCP and VD of the inferior parafovea in the DCP).

Abbreviations: ROC, receiver operator characteristic curve; OCTA, optical coherence tomography angiography; ECG, electrocardiogram;
CAD, coronary artery disease; VD, vessel density; SCP, superficial capillary plexus; DCP, deep capillary plexus; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
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Standardized Net Benefit
0.4

02

00

T T T T T 1
0.0 0.2 0.4 06 0.8 L0

High Risk Threshold

Fig. 4. Decision curve analysis for the nomogram

The Y-axis measures the net benefit. The red line represents the retinal vasculature nomogram. The gray line represents the assumption that all
patients have CAD. The black line represents the assumption that no patient presents with CAD. The decision curve indicated that using the
retinal vasculature nomogram in the current study to predict CAD could add more benefit than the receipt of cardiac examinations (such as
CCTA or CAG) or no intervention.

Abbreviations: CAD, coronary artery disease; CCTA, coronary computed tomography angiography; CAG, coronary angiography.
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at high risk. Our decision curve showed that the
threshold probability of a patient or doctor was 0%,
which indicated that using this nomogram to predict
CAD could add more benefits compared to either
receiving or not receiving cardiac examination.

Discussion

In this study, a diagnostic nomogram was
developed and validated to identify CAD in patients
with suspected angina. This nomogram incorporated
retinal vasculature features, ECG assessment, and
clinical variables showed the best performance in
predicting CAD. A total of 71 candidate OCTA
features were decreased to five potential independent
predictors by the LASSO method. The
implementation of the ML technique in the clinical
setting could optimize the process of selecting
appropriate candidates and improve the diagnostic
yield of aggressive testing before determining a
diagnosis. This developed nomogram also provided
the individual probability of the presence of CAD in
suspected patients. Such an easy-to-use nomogram
might contribute to the prediction of CAD.

Overusing imaging modalities to diagnose CAD
is a frequent phenomenon because of the fear of
undertreatment. There has been an ongoing need to
find a validated diagnostic model with optimal
performance to direct downstream testing for CAD.
In recent years, ML techniques have brought about
many breakthroughs in classification tasks and
emerged as highly effective methods for making
predictions and performing decision-making in a
number of disciplines??. Typically, ML allows
computer algorithms to build a model from test in
order to predict future outcomes on the basis of new
input data®. It has gradually become a popular
option and powerful tool across the cardiovascular
domain®* ?. With the implementation of ML, this
study developed a nomogram using OCTA parameters
and clinical risk factors to predict the individual
probability of the presence of CAD.

The retinal vasculature features used in the
prediction models showed considerable
discrimination. With the assistance of deep learning,
retinal images have recently been assessed for
corresponding changes under the condition of
hypertensmn‘” hyperglycemia, and dyslipidemia'®.
Retinal imaging was also considered a potential
biomarker in the assessment of cardiovascular diseases.
A study has used fundus photographs via deep
learning to predict cardiovascular risk factors, such as
age, sex, systolic blood pressure, and major adverse
cardiac events'?. Another study has also explored the
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value of retinal images in predicting atherosclerosis®.
Specifically, retinal vasculature features hold valuable
and sufficient information to detect the development
and progression of CAD®, which began with prior
discoveries where patients with CAD were found to
present with narrowing retinal arterioles?” *” and
decreased retinal VD" 3%, As previously documented,
the narrowing retinal arterioles were associated with a
greater likelihood of obstructive stenosis (= 50%) in at
least one major coronary artery®. A hypothesis has
been put forth that an independent association
between retinal arteriolar narrowing and incident
CAD was the microvascular process®?. The decreased
retinal VD could be associated with the narrowing
retinal arterioles, which might result from
microvascular damage—such as the process of aging
and hypertension—and from intimal thickening,
medial hyperplasia, hyalinization, and sclerosis®®.
Besides, the decreased retinal VD could also result
from endothelial dysfunction coexisted in CAD
patients. Endothelial dysfunction is a systemic
condition and has been detected in the coronary
epicardial as well as in peripheral arteries®”, in which
peripheral endothelial function was found to be
associated with coronary artery endothelial function?®®.
The utility of retinal vasculature could significantly
improve the estimate of the probability of CAD.
OCTA is a noninvasive and measurable technique
with multiple pieces of information on quantified
retinal vasculature, which might provide more detailed
messages in the assessment and prediction of
cardiovascular diseases.

The discrimination performance of Model
OCTA was better than Model ECG—a common and
primary screening method in identifying patients with
suspected angina due to CAD. The resting ECG was
characterized by low sensitivity in detecting CAD
before undergoing subsequent aggressive cardiac
examinations and so was exercise ECG¥. A recent
study has reported the limited incremental value of
ECG in assessing CAD, and therefore more effective
methods of risk stratification were requested®®. Our
presented retinal vasculature nomogram shows the
potential to reduce the need for further stress testing,
improve the diagnostic yield, and increase feasibility
for the diagnosis of CAD.

The presented nomogram was characterized by
several strengths: First, the nomogram revealed a
considerable ability to reach comparable
discrimination performances, which indicated the
potential of retinal vasculature in the assessment for
suspected CAD patient. Second, ML algorithms are
more adaptive than traditional statistical in managing
complex medical data®”. ML algorithms split input
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space into different cells based on every feature, which
allows the algorithms to learn non-linear relation of
data®’. On the contrary, traditional statistical analysis
assume the linear separability of the input space of
data and thus attempts to find a hyperplane to cut the
input space into two half-spaces, which makes it
unable to deliver such approximation for complex
data analysis®’. In our study, both clinical data and
ophthalmic data are easily obtained. Besides, LASSO
method is commonly used and good at selecting the
most predictive variables according to the strength of
the univariable association with outcomes?. Third, it
could reduce radiation exposure and associated cardiac
examination costs. Both CCTA and CAG are regarded
as primce methods for accurately diagnosing CAD.
However, most patients found with minimal or
without CAD were generally not suitable for such
aggressive procedures. The SCOT-HEART trial
revealed that only 25% of suspected patients
undergoing CCTA examination were diagnosed with
obstructive CAD*Y. Data from the National
Cardiovascular Data Registry also indicated a low
diagnostic yield of invasive CAG with 37.6% patients
having obstructive CAD, regardless of the
precatheterization rate of 83.9% in noninvasive
testing®. Other concerns about CCTA or CAG
examinations have also been raised in terms of their
radiation exposure and potential poor image quality in
patients with obesity, arrhythmia, or coronary
calcification* *Y. Hence, there is a need for clinically
based models that can predicc CAD and direct
downstream aggressive testing. In recent years,
emphasis has been placed on risk stratification and
pretest probability methods in diagnosing CAD. For
example, a study has compared the pretest probability
of CAD between the Diamond and Forrester (DF)
score and two CAD consortium scores recommended
by the European Society of Cardiology. Their results
showed the AUC of 0.713 versus 0.752 and 0.791 for
the DF versus the other two CAD consortium models,
respectively®. Another comparable study that applied
coronary artery calcium scoring has showed great
improvements in discrimination using the ML (with
AUC increasing from 0.773 to 0.881) and CAD
consortium models (with AUC increasing from 0.734
to 0.866)%. Alternatively, a nomogram consisting of
easily measured retinal vasculature features, clinical
variables and ECG assessment was developed and
validated in the current study.

The clinical application of this nomogram is the
most important argument based on the interpretation
of an individual benefit with additional examination
or care. In the current study, the DCA was plotted,
which could offer novel insights into clinical outcomes

on the basis of threshold probabilities. The results of
the DCA revealed significant benefits of using the
presented nomogram to predict the presence of CAD.
The study suggests that this retinal vasculature
nomogram could be a follow-up tool and gatekeeper
to identify low-risk individuals before moving to
further diagnostic testing. However, it is yet to
determine whether a simple model that applied retinal
vasculature features, ECG assessment, and clinical
variables is preferable for use in the domain of
assessment for CAD. Support from prospective
randomized trials is needed to evaluate the
effectiveness of such an approach.

We acknowledge several limitations in the
current study: First, because of technique limitations,
not all retinal vascular parameters—such as choroidal
VD and thickness—could be collected in the study.
Second, only a small sample of participants were
included; and selection bias might exist in the
participants recruitment. Further, data analysis from
multicenter research would be better for this study;
however, being a large cardiac center in South China,
most patients with CAD are usually transferred here.
Further extensive and prospective studies are needed
to enhance and validate the clinical utility of this
model.

Conclusions

A nomogram combining retinal vasculature
features, ECG assessment, and clinical variables was
developed and validated to predict CAD. OCTA is a
noninvasive and novel ophthalmic examination, which
could be suggested as a screening and follow-up tool
for patients with suspected angina due to CAD prior
to aggressive diagnostic testing. This nomogram suits
the need for preventive therapy and improves patient
selection and diagnostic yield of aggressive testing
before determining the diagnosis.
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Supplemental Methods

Description of OCTA Examination and Images
Assessment

Participants had their pupil dilated and received
an optical coherence tomography angiography
(OCTA) examination performed by trained
ophthalmologists. A 6x6 mm? macular high-
definition (HD) scan mode and a 4.5 % 4.5 mm? disc
HD were collected within one minute for each
participant in the study. Both eyes of the participants
were examined by OCTA, but only the data from one
eye were used for analyses—for participants born in
even-numbered years, it was the right eye, and for
those born in odd-numbered years, it was the left eye.
Only images with a quality index > 6/10 were
retained.

(A)

Non-CAD

Description of Retinal Vasculature Features

SCP refers to a slab extending from the internal
limiting membrane (ILM) to 10 pm above the inner
plexiform layer (IPL), while the DCP slab extends
from 10 pm above the IPL to 10 pm below the outer
plexiform layer (OPL). FD-300 is a parameter
demonstrating the capillary density from ILM to OPL
in a 300-pm-wide region around the foveal avascular
zone (FAZ). Parafovea refers to the area inside the 1-3
mm concentric ring center of the fovea, while the
perifovea refers to the actual 3-5 mm concentric ring
center. RPC is a slab extending from the ILM to the
RNFL that fits a circle (2 mm in diameter) centered
on the optic disc. The peripapillary region is defined
as a 1-2 mm round annulus around the optic disc.
The peripapillary VD and RNFL thickness were
quantified in the RPC segment. All VD and thickness
of RNFL were automatically measured by the OCTA

software.

CAD

Supplemental Fig. 1. Example OCT angiograms of vessel density measurement in the non-CAD and CAD participants

(A) Different layers of the retina demonstrated by OCTA, including the superficial capillary plexus (SCP), deep capillary plexus (DCP) and

avascular zones.

(B) Retinal thickness and vessel density in the radial peripapillary capillary (RPC).
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Patients referred for assessment of suspected angina due to CAD in
GDPH from January 2018 to June 2019 (n = 1882)

Patients referred for assessment of suspected angina due to CAD in
GDPH from July 2019 to November 2019 (n = 576)

Excluded (n = 1238)

Previous CAD or revascularization (n = 538)
Previous ocular history (n = 380)

Without participants consent (n = 320)

Excluded (n = 188)

Previous CAD or revascularization (n = 86)
Previous ocular history (n = 42)

Without participants consent (n = 60)

Study cohort (n = 644) | |

Study cohort (n = 388)

Excluded (n = 86)

Signal strength <6/10 (n = 5)
Macular edema (n = 8)

Retinal vascular disease (n = 24)
Abnormal IOP (n = 5)

Refractive error 2+3 diopters (n = 44)

Excluded (n = 58)

Signal strength <6/10 (n = 5)
Macular edema (n=7)

Retinal vascular disease (n = 14)
Abnormal IOP (n = 4)

Refractive error 2+ 3 diopters (n = 28)

Successfully underwent ophthalmic examination (n = 558) | |

Successfully underwent ophthalmic examination (n = 330)

Successfully underwent CCTA examination Successfully underwent CCTA examination
(n = 508) (n = 287)
A A
CAD patients Non-CAD participants CAD patients Non-CAD participants
(n=281) (n=227) (n =140) (n=147)
Training set Held-out validation set

Supplemental Fig.2. Flow chart of participant selection

Abbreviation: CAD, coronary artery disease; CCTA, coronary CT angiograph
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Supplemental Table 1. Baseline characteristics of participants in the training and held-out validation sets (z=795)

Non-CAD cohort (7 =374) p-value CAD cohort (2 =421) p-value
Training set Held-out Training set Held-out
(n=227) validation set (n=281) validation set
(n=147) (n =140)
Cardiovascular characteristics
Age (years), mean=SD 57.3%£10.4 59.2+11.3 0.105 59.8+9.4 60.1£9.7 0.746
Sex, 7 (%) 0.086 0.850
Male 121 (53.3) 65 (44.2) 225 (80.1) 111 (79.3)
Female 106 (46.7) 82 (55.8) 56 (19.9) 29 (20.7)
BML, 7 (%) 0.028* 0.330
<25 kg/m2 159 (70.0) 118 (80.3) 173 (61.6) 93 (66.4)
> 25 kg/m* 68 (30.0) 29 (19.7) 108 (38.4) 47 (33.6)
Hypertension, 7 (%) 0.129 0.689
Without 62 (27.3) 51 (34.7) 108 (38.4) 51 (36.4)
With 165 (72.7) 96 (65.3) 173 (61.6) 89 (63.6)
Diabetic mellitus, 7 (%) 0.011* 0.195
Without 166 (73.1) 124 (84.4) 228 (81.1) 106 (75.7)
With 61 (26.9) 23 (15.6) 53 (18.9) 34 (24.3)
Cholesterol levels
Triglycerides, 7 (%) 0.753 0.549
< 1.7 mmol/L 176 (77.5) 116 (78.9) 181 (64.4) 86 (61.4)
>1.7 mmol/L 51 (22.5) 31 (21.1) 100 (35.6) 54 (38.6)
Total cholesterol, 7 (%) 0.770 0.013™
< 4.1 mmol/L 144 (63.4) 88 (59.9) 122 (43.4) 82 (58.6)
> 4.1 mmol/L, £ 5.2 mmol/L 31 (13.7) 23 (15.6) 90 (32.0) 34 (24.3)
>5.2 mmol/L 52 (22.9) 36 (24.5) 69 (24.6) 24 (17.1)
HDL-C, 7 (%) 0.001* 0.974
< 1.0 mmol/L 4(1.8) 13 (8.8) 151 (53.7) 75 (53.6)
>1.0 mmol/L 223 (98.2) 134 (91.2) 130 (46.3) 65 (46.4)
LDL-C, n (%) 0.095 0.721
< 1.8 mmol/L 5(2.2) 3 (2.0) 26 (9.3) 17 (12.1)
5 113 sesseallil, < 2,6 el 24 (10.6) 16 (10.9) 84 (29.8) 45 (32.2)
> 2.6 mmol/L, <3.0 mmol/L 4(1.7) 10 (6.8) 44 (15.7) 20 (14.3)
> 3.0 mmol/L 194 (85.5) 118 (80.3) 127 (45.2) 58 (41.4)

Abbreviations: CAD, coronary artery disease; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipopro-
tein cholesterol.

Continuous variable displayed as mean + SDj categorical data are displayed as number (percentage).

*$<0.05 is considered statistically significant.
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Supplemental Table 2. Retinal vasculature features in the participants (2=795)

Training set (7 =508)

Held-out validation set (z =287)

Non-CAD CAD cohort p-value Non-CAD CAD cohort p-value
cohort (n=227) (n=281) cohort (n =147) (n =140)

VD of SCP (%), mean = SD
Whole-image 49.38£4.10 48.71%3.39 0.046* 49.61+4.18 47.68+3.94 <0.001*
Superior-hemi 49.62+4.24 48.94+3.36 0.042* 49.89+4.17 47.95+4.00 <0.001*
Inferior-hemi 49.12%4.12 48.48+3.59 0.064 49.30+4.32 47.37+4.08 <0.001*
Fovea 17.91x7.37 18.26+6.69 0.571 18.48£7.29 17.67£7.36 0.350
Parafovea 51.70+4.88 50.97 £3.86 0.060 51.99+4.99 49.74+£4.94 <0.001*
Parafovea-superior-hemi 51.79+5.18 51.23+3.88 0.164 52.16+5.02 50.05%5.06 <0.001*
Parafovea-inferior-hemi 51.61£5.00 50.71+4.20 0.027* 51.81+5.27 49.43%5.11 <0.001*
Parafovea-tempo 51.72+4.84 51.10+4.15 0.122 51.70£5.01 50.16+4.71 0.008*
Parafovea-superior 52.46%5.88 51.91%4.15 0.224 52.79+5.46 50.46%5.77 <0.001*
Parafovea-nasal 50.58 £5.00 50.07 £4.47 0.218 51.21+5.34 48.97+5.63 0.001*
Parafovea-inferior 52.04+5.89 50.79%=4.79 0.009* 52.24%5.67 49.39+5.54 <0.001*
Perifovea 50.15+4.28 49.28%3.57 0.012* 50.29 +4.24 48.12%4.15 <0.001*
Perifovea-superior-hemi 50.34 +4.41 49.48£3.60 0.015* 50.59 +4.24 48.37+£4.28 <0.001*
Perifovea-inferior-hemi 49.97£4.30 49.08+3.75 0.014* 49.98 +4.44 47.87+4.23 <0.001*
Perifovea-tempo 46.38 +4.44 45.73%3.95 0.082 46.69+4.68 44.20+4.33 <0.001*
Perifovea-superior 50.49+4.74 49.44+3.84 0.006* 50.72 £4.46 48.49+4.49 <0.001*
Perifovea-nasal 53.86+4.17 52.83+3.52 0.003* 53.66+4.23 51.95+4.44 0.001*
Perifovea-inferior 49.95%4.72 49.15%+4.13 0.044* 50.16 +4.56 47.93+4.37 <0.001*
VD of DCP (%), mean = SD
Whole-image 51.68%6.15 47.89+5.57 <0.001* 51.48 +6.14 46.62+5.33 <0.001*
Superior-hemi 52.12+6.22 48.35+5.72 <0.001* 51.94+6.19 47.19+5.56 <0.001*
Inferior-hemi 51.22+6.27 47.42%5.64 <0.001* 51.00%+6.32 45.99+5.42 <0.001*
Fovea 32.80+8.62 32.62+7.43 0.799 33.62+8.19 31.84+8.56 0.074
Parafovea 55.70£4.53 52.70+4.32 <0.001* 56.11+4.26 51.68+4.37 <0.001*
Parafovea-superior-hemi 55.76+5.03 53.27 £4.35 <0.001* 56.28 £4.39 52.42%4.17 <0.001*
Parafovea-inferior-hemi 55.64£4.56 52.13+4.58 <0.001* 55.93+4.32 50.93+4.90 <0.001*
Parafovea-tempo 56.42+4.71 53.64+4.37 <0.001* 56.72+4.60 52.81+4.09 <0.001*
Parafovea-superior 55.21+5.71 52.62+4.77 <0.001* 55.76 +4.87 51.46+4.93 <0.001*
Parafovea-nasal 56.10+4.48 53.59£4.60 <0.001*% 56.96+4.10 53.06£4.65 <0.001*
Parafovea-inferior 55.07%5.23 50.94£5.36 <0.001* 54.98 £4.87 49.39+5.87 <0.001*
Perifovea 53.09+6.76 49.13%6.14 <0.001* 52.88%6.72 47.69+5.92 <0.001*
Perifovea-superior-hemi 53.55+6.70 49.64%6.25 <0.001* 53.44 +6.63 48.39+6.21 <0.001*
Perifovea-Inferior-hemi 52.66%7.06 48.61%6.34 <0.001* 52.31+£7.10 47.03+5.99 <0.001*
Perifovea-tempo 55.29+6.10 51.87+5.42 <0.001* 55.32%5.99 50.46£5.24 <0.001*
Perifovea-superior 52.93+7.39 48.75+6.92 <0.001* 52.68+7.17 47.50+7.17 <0.001*
Perifovea-nasal 52.46+7.36 48.35+6.75 <0.001* 52.15+7.35 46.95+6.43 <0.001*
Perifovea-inferior 51.73+7.67 47.53+7.10 <0.001* 51.48+7.76 45.97 £6.54 <0.001*
VD of FD-300 (%), mean + SD
FD-300 Area Density 53.33+5.11 53.02 +4.54 0.476 53.27%5.11 52.00£5.24 0.038*
FD-300 Length Density 12.30+1.91 11.98+1.56 0.039* 12.23+1.98 11.49+1.98 0.002*
RNFL thickness in the RPC (pm),
mean =SD
Peripapillary 113.70+14.07 114.60+13.86 0.471 115.86=12.74 113.70=15.12 0.192
Superior-hemi 114.09+14.80 115.21+16.47 0.426 116.70+13.76 114.66*15.50 0.239
Inferior-hemi 113.28+15.34 113.95+14.21 0.609 114.95+13.50 112.66*16.78 0.202
Tempo 79.35+11.71 76.92+10.38 0.014* 78.70+10.77  77.37+10.31 0.286
Superior 137.0+20.38 138.54+22.08 0.442 140.49+19.43 137.61+20.24 0.220
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(Cont. Supplemental Table 2)

Training set (7 =508) Held-out validation set (2 =287)

Non-CAD CAD cohort p-value Non-CAD CAD cohort p-value
cohort (n=227) (n=281) cohort (n =147) (n =140)

Nasal 98.20+16.89 100.13%17.36 0.208 100.86+16.64 99.64+18.41 0.557
Inferior 145.12+22.24 147.47 +20.88 0.219 148.03+20.15 144.96+24.51 0.246
Tempo-superior 82.74+12.61 79.53*11.60 0.003* 82.40+11.87 80.07%12.51 0.107
Superior-tempo 136.66+24.31 133.43+23.72 0.132 140.02+21.20 132.56%21.67 0.003*
Superior-nasal 137.43+26.43 142.79+28.69 0.029* 140.90+25.12 141.79%26.78 0.770
Nasal-superior 106.34+19.14 109.89+21.03 0.049* 109.71+19.45 109.27 £21.10 0.854
Nasal-inferior 88.01+17.30 87.91+16.72 0.948 89.79+16.77 87.60+18.89 0.300
Inferior-nasal 141.27 £28.20 143.95+26.93 0.276 144.82+26.29 141.94+30.28 0.390
Inferior-tempo 150.02%+26.31 151.95%23.77 0.386 152.09+23.32 148.78£26.10 0.258
Tempo-inferior 75.53+13.86 73.92%+11.97 0.161 74.57%12.77  74.05%10.81 0.715
VD of peripapillary (%), mean *
SD
Whole-image 55.40%3.39  55.61+2.89 0.460 55.94+3.05  54.75%3.53 0.002*
Whole Image Capillary 48.72+3.26 48.86%2.77 0.615 49.42+291 48.15+3.38 0.001*
Inside Disc All 60.46*£4.56 60.36*3.84 0.785 60.30£4.36 58.76£4.63 0.004*
Inside Disc Capillary 51.04+5.44 50.64 £4.70 0.374 50.74+5.43 49.29+5.24 0.022*%
Peripapillary All 57.47 £3.85 57.87+3.39 0.217 58.41+3.32 57.22+4.18 0.008*
Peripapillary Capillary 50.86£3.73  51.26%3.29 0.194 5203332 50.72%4.19 0.003*
Superior-hemi All 57.87+4.10 58.42+3.53 0.103 58.93+3.41 57.85+4.26 0.018*
Inferior-hemi All 57.05+3.85 57.27 £3.69 0.499 57.84+3.48 56.53 £4.40 0.005*
Superior-hemi Capillary 50.94+4.06 51.55%3.54 0.074 52.33%3.54 51.07£4.41 0.008*
Inferior-hemi Capillary 50.76+3.79 50.95+3.65 0.562 51.70+3.44 50.31+4.50 0.003*
Nasal-superior 47.20+4.80 47.94%4.42 0.069 48.53+4.34 47.73+5.44 0.168
Nasal-inferior 46.48+4.76 46.31+4.62 0.698 47.31+5.01 45.62+5.82 0.009*
Inferior-nasal 49.98 +5.49 50.67+£5.51 0.162 51.34+4.68 49.70+5.32 0.006*
Inferior-tempo 55.69%5.55 56.46+5.41 0.118 56.99+5.30 55.98 +6.30 0.143
Tempo-inferior 52.50+4.59 52.21+4.74 0.475 52.88+4.29 51.79%5.08 0.051
Tempo-superior 55.63+4.01 55.55+3.69 0.828 56.61%3.61 54.81 £4.34 <0.001*
Superior-tempo 53.56%5.80 54.08 £4.93 0.272 55.39%5.01 53.63%5.72 0.006*
Superior-nasal 48.85+5.25 49.87%5.09 0.026* 50.38+5.10 49.47 £5.89 0.160

Abbreviations: CAD, coronary artery disease; VD, vessel density; SCB superficial capillary plexus; DCP, deep capillary plexus; FD, foveal
density; RNFL, retinal nerve fiber layer; RPC, radial peripapillary capillary.
*$<0.05 is considered statistically significant.
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Supplemental Fig.3. Features selection using the LASSO binary logistic regression model

(A) Tuning parameter (1) selection in the LASSO model used 10-fold cross-validation via minimum criteria. The area under the curve (AUC)
was plotted versus log(1). A A value of 0.0133, with the log (1) of -4.33 was chosen according to 10-fold cross-validation. (B) A coefficient
profile plot was produced against the log (1) sequence. A vertical line was drawn at the value selected using 10-fold cross-validation.
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Supplemental Fig.4. Calibration curves of the nomogram in two data sets

Calibration curves of the retinal vasculature nomogram in the (A) training and (B) held-out validation sets.

For the calibration curve, the Y-axis represents the actual presence of CAD, and the X-axis represents the predicted presence of CAD risk. The
solid red line represents the performance of the nomogram, where a closer fit to the diagonal dotted line represents a better prediction.
Abbreviation: CAD, coronary artery disease.
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