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Abstract

Obijective: The potential of using retinal images as a biomarker of cardiovascular disease (CVD) risk has gained significant attention, but regula-
tory approval of such artificial intelligence (Al) algorithms is lacking. In this regulated pivotal trial, we validated the efficacy of Reti-CVD, an Al-
Software as a Medical Device (Al-SaMD), that utilizes retinal images to stratify CVD risk.

Materials and Methods: In this retrospective study, we used data from the Cardiovascular and Metabolic Diseases Etiology Research Center-
High Risk (CMERC-HI) Cohort. Cox proportional hazard model was used to estimate hazard ratio (HR) trend across the 3-tier CVD risk groups
(low-, moderate-, and high-risk) according to Reti-CVD in prediction of CVD events. The cardiac computed tomography-measured coronary artery
calcium (CAC), carotid intima-media thickness (CIMT), and brachial-ankle pulse wave velocity (baPWV) were compared to Reti-CVD.

Results: A total of 1106 participants were included, with 33 (3.0%) participants experiencing CVD events over 5 years; the Reti-CVD-defined risk
groups (low, moderate, and high) were significantly associated with increased CVD risk (HR trend, 2.02; 95% Cl, 1.26-3.24). When all variables of
Reti-CVD, CAC, CIMT, baPWV, and other traditional risk factors were incorporated into one Cox model, the Reti-CVD risk groups were only signif-
icantly associated with increased CVD risk (HR=2.40 [0.82-7.03] in moderate risk and HR=3.56 [1.34-9.51] in high risk using low-risk as a
reference).

Discussion: This regulated pivotal study validated an Al-SaMD, retinal image-based, personalized CVD risk scoring system (Reti-CVD).
Conclusion: These results led the Korean regulatory body to authorize Reti-CVD.
Key words: regulated pivotal study; deep learning; software as a medical device (SaMD); cardiovascular disease; retinal photograph; Reti-CVD.
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Graphical Abstract

Cardiovascular disease event according to Reti-CVD-based three risk

groups, and Coronary Artery Calcium-based three risk groups.
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The first regulated pivotal study on image-based Al-SaMD with an intended

use for future CVD risk stratification rather diagnosing current disease.

Al-SaMD=artificial intelligence software as a medical device; CT=computed tomography; CVD=cardiovascular disease

Introduction

Cardiovascular disease (CVD) is the leading cause of death
worldwide.! Traditional risk factors, such as presence of
hypertension, diabetes mellitus, smoking, and hypercholester-
olemia, have led to the development of CVD risk prediction
models and to guide developments in prevention and ther-
apy.? However, up to 20% of patients with coronary disease
have none of these traditional risk factors, and 40% have
only one.® The broad implementation and use of such CVD
risk prediction models based on traditional risk factors alone
are therefore restricted.*’

From a public health and clinical perspective, the primary
goal of CVD risk stratification is dependent on accurately
identifying and triaging high-risk individuals before the devel-
opment of symptomatic CVD events. As a result, an increas-
ing number of novel biomarkers have been evaluated to
predict CVD events; this includes cardiac computed tomogra-
phy (CT)-measured coronary artery calcium (CAC) score, car-
otid intima-media thickness (CIMT), and brachial-ankle pulse
wave velocity (baPWV). Among these new biomarkers, CAC
is a promising preclinical marker of atherosclerosis and is
strongly associated with CVD risk.® Therefore, in the 2018
American College of Cardiology/American Heart Association
(ACC/AHA) guidelines, CAC score has been recommended as
an additional test to refine risk estimates for statin treatment
initiation.”

Retinal photographic imaging is an increasingly available,
relatively simple, effective, and non-invasive tool that pro-
vides fast and accurate information about the human vascula-
ture in the retina. The presence of overt retinal vascular
damage (eg, microaneurysms, retinal hemorrhages) is clini-
cally recognized as an indicator of target organ damage asso-
ciated with hypertension.®” Even more subtle changes in the
retina that may not even be visible to the human eye can
potentially be detected with the advent of artificial intelligence
(AI) and deep learning.'*'*

Previously, we developed an Al-deep-learning algorithm to
predict the probability of presence of CAC, and created a 3-
tier CVD risk stratification system that allowed us to stratify
CVD risk, which we tested in the UK Biobank and a diversi-
fied Asian population.’*~"*> We have further refined this algo-
rithm (referred to as Reti-CVD) to be commercialized as an
Al-Software as a Medical Device (AI-SaMD). Regulatory
agencies in different countries have now started to approve a
range of AI-SaMD products; for example, South Korea has
successfully established a regulatory framework for Al-
SaMD,'® and the Korean Ministry of Food and Drug Safety
(K-MFDS) has authorized approximately 150 AI-SaMDs for
a variety of clinical use.

Reti-CVD is different from typical AI-SaMDs, which are
currently actively being approved and purpose for diagnosing
current diseases such as diabetic retinopathy. Reti-CVD is an
AI-SaMD that quantifies future CVD risk and provides risk
as 3-tier groups. Therefore, the study design and regulatory
process for obtaining approval were unique. To advance the
concept that retina imaging is a possible tool for CVD risk
stratification, we conducted this regulated pivotal trial in
which we evaluated the efficacy of Reti-CVD as an AI-SaMD,
using a single-center conformity-design, confirmatory retro-
spective analysis.

Methods
Ethics statement

Our study was approved by the Severance Hospital Institu-
tional Review Board (IRB). This study adhered to the tenets
of the Declaration of Helsinki, complied with the applicable
policies regarding the ethical conduct of human subject
research and medical devices (Korean Good Clinical Practice,
KGCP; International standard ISO14155). Written informed con-
sent was obtained from the participants of the original study.

In South Korea, medical devices with marked improvement
in safety and effectiveness over existing ones have been
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designated as “innovative medical devices”,'® which is similar

to the “breakthrough devices program” in the US Food &
Drug Administration (FDA). The Reti-CVD was designated
as the innovative medical device and the study design of this
“K-MFDS-regulated pivotal trial” was approved from the K-
MFDS before commencement of IRB process. The K-MFDS
actively engages in clinical trial design verification together
with the device company prior to clinical trial, minimizing
errors, and speeding up the process.

Study population

We conducted a retrospective analysis using prospectively col-
lected single-center clinical data of “Cardiovascular and Met-
abolic Diseases Etiology Research Center-High Risk
(CMERC-HI) Cohort” (Severance Hospital IRB Approval
No. 4-2013-0581). The CMERC-HI was funded by the Min-
istry of Health and Welfare of the Korean Government in
2013, and enrolled participants between November 18,2013,
and June 29, 2018. The goal was to identify novel risk factors
and biomarkers for CVD. The original study of CMERC-HI
Cohort was registered as a “prospective” observational study
on May 13,2014 (NCT02003781).

This previously collected data had all the information (eg,
retinal photos, CVD outcomes, etc.) necessary to validate our
Reti-CVD, and we retrospectively analyzed the data as secon-
dary research. This pivotal study was registered as a
“retrospective” observational study on February 17, 2022
(KCT0007047). We analyzed the data of participants who
previously agreed to secondary use of data for research
purposes.

The initial Proof of Concept (PoC) study on Reti-CVD used the
interim CMERC-HI dataset spanning 2013-2016 as one of the
validation sets. Conversely, our current investigation employs a

Total participants
n=3270

comprehensive dataset extending up to 2020. We assess the effi-
cacy of Reti-CVD in comparison with CAC, CIMT, and baPWV
in prediction of CVD events (detailed in Appendix S1).

The retinal images of enrolled patients were evaluated by
Reti-CVD and its performance was validated in prediction of
CVD events through comparison with other biomarkers from
the CMERC-HI cohort. Retinal images were obtained by a
non-mydriatic retinal camera (Visucam NM/FA; Carl Zeiss
Meditec, Jena, Germany).

We included patients: (1) enrolled between November 2013
and June 2018; (2) followed-up up to 5 years after enrollment
or with follow-up data up until December 31, 2020, or with
non-fatal and fatal CVD events within 5 years’ enrollment;
and (3) between 20 and 80 years old.

We then excluded patients: (1) enrolled in the heart failure/
myocardial infarction arms of the CMERC-HI cohort; (2)
without retinal fundus imaging; (3) without cardiac CT for
calcium scoring; (4) without carotid ultrasonography; (5)
without baPWV examination; (6) with missing baseline dem-
ographic data including age, sex, smoking history, medical
history for hypertension/diabetes/dyslipidemia; (7) with poor
quality retinal fundus imaging (ie, media opacity, artifacts)
preventing proper assessment by Reti-CVD (Figure 1).

Definition of CVD events

We defined CVD events as any CVD incidences including
heart failure hospitalization, stroke, myocardial infarction, or
CVD mortality. In the CMERC-HI cohort, participants were
contacted by telephone annually and a review of hospital
records to ascertain CVD events, including heart failure, myo-
cardial infarction, and stroke. Detailed definition of CVD
events are provided in Appendix S2.

1 Aged >80
119 Heart failure or Myocardial infarction cohort
1742 without Retinal photography
137 without cardiac CT scan
10 without Carotid ultrasonography
7 without brachial-ankle pulse wave velocity
4 Missing data
39 Poor quality retinal photographs

Participants with
proper quality images and data
n=1211

105 randomly selected

v

Full analysis set and per-protocol set
n=1106

Figure 1. Study flowchart.
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New retinal-based CVD risk stratification system

Details of deep-learning algorithm regarding model develop-
ment have been described elsewhere'® and a summary is pro-
vided in Appendix S3. Briefly, in an earlier study, we
developed a deep-learning algorithm using retinal photo-
graphs for predicting the presence versus absence of CAC
using Korean health screening center data. The probability
scores ranged from 0 to 1 (as a continuous variable), with a
higher value indicating increased probability of CAC pres-
ence, which we referred to as the Reti-CVD score.

This “Reti-CVD score” was designed to calibrate the
amount of association between retinal microvascular signs
and the presence of CAC, which is a robust predictor of CVD
risk. In this earlier study, we found that the Reti-CVD score
could predict future CVD events in a longitudinal study rather
than just predict CAC in a cross-sectional study. Finally, we
confirmed that the Reti-CVD score could stratify future CVD
risk in 3 external longitudinal studies (time-to-events data)
including Korean, Singaporean Malay/Indian/Chinese, and
British White cohorts."?

In this regulated pivotal study, Reti-CVD is the product
name of an AI-SaMD, and is a retinal image-based, personal-
ized CVD risk scoring tool (ie, Reti-CVD score). To aid
healthcare professionals in identifying at-risk patients in pri-
mary prevention, Reti-CVD also provides 3-tiers (low-, mod-
erate-, and high-risk) risk groups (ie, Reti-CVD risk groups)
based on Reti-CVD score. These 3 risk groups were defined
based on pre-specified thresholds (Appendix S3). The proba-
bility scores, Reti-CVD score, derived from deep learning
indicate the likelihood of CAC presence, ranging from 0 to 1.
Based on the distribution of Reti-CVD scores, this system
classifies risks into 3 tiers using the tertiles from the CMERC-
HI interim data in earlier study.'® The aim of risk stratifica-
tion extends beyond merely allocating a risk score; it seeks to
provide a comprehensive and integrated perspective of
patients to facilitate appropriate management. Our 3-tiered
risk stratification approach is intended to serve as a bench-
mark, analogous to CAC. This is structured by segmenting it
into the 3 risk groups of CAC, as delineated in US guide-

. 1 . . . .
lines,”,'? and their respective risk categories.

Other CVD biomarkers

To compare the performance in prediction of future CVD
events, the CIMT, the baPWV, and CAC score obtained
through cardiac CT assessment were included for secondary
analysis. Detailed measurement methods are described in
Appendix S4.

Statistical analysis

Detailed sample size calculations are provided in Appendix
SS. Based on an earlier publication, the sample size of 1050
participants was calculated with a 5% significance level with
an assumed hazard ratio (HR) trend of 2.02 and 80% power
for non-one HR detection. Among the calculated sample size
of 1050 participants, a drop-out rate of 5% was assumed,
resulting in the total planned subject number of 1106. Thus,
after retrospectively reviewing the cohort data for inclusion/
exclusion, a total of 1106 subjects were planned to be
enrolled for the analysis. If a greater number of subjects were
eligible for enrollment after inclusion/exclusion than the
planned sample size, then randomization for further exclusion
would be performed to select the target number of 1106

subjects (Appendix S6). In a previous PoC study,'? the interim
result was presented using only a part of participants in
CMERC-HI (1= 527). Herein, we included 1106 CMERC-
HI participants based on sample size calculation. Randomiza-
tion for further exclusion was done using SAS Version 9.4.
Analyses were done using P <.05 as the significance level and
using Stata/MP version 14.0 for survival analysis.

Primary efficacy endpoints

We hypothesized that the retinal fundus photograph-based
risk assessment SaMD, “Reti-CVD” will be able to differenti-
ate individuals into a 3-tier risk stratification (low/moderate/
high risk) for fatal and non-fatal CVD. For primary efficacy
evaluations, survival analysis was performed starting from
enrolment to non-fatal and/or fatal CVD events up to the 5-
year follow-up, or most recent follow-up. The cumulative
incidence of CVD events of non-fatal and fatal disease was
evaluated across 3 risk groups (low, moderate, and high)
defined by Reti-CVD using the Kaplan-Meier method. Cox
proportional hazards models were then used to estimate the
adjusted HR trends (primary efficacy endpoint) by fitting a
linear model to the 3-risk groups. We hypothesized that there
is a trend in HR across the 3 ordinal risk groups and estimate
the HR trend by considering the ordinal risk groups as contin-
uous values of 1, 2, and 3. The P-value of the HR trend being
less than 0.05 supports our hypothesis that risk stratification
is possible. Adjusted HR trends were calculated after adjust-
ment of age, gender, hypertension, hyperlipidemia, diabetes,
and smoking status. Additionally, the performance in predic-
tion of CVD events was assessed using Harrell’s C-index.

Secondary efficacy endpoints

Secondary endpoints were evaluated using the HRs and HR
trends for the following factors: (1) cardiac CT-measured
CAC score-derived 3-tier cardiovascular risk (0, >0 to 100,
and >100 Agatston wunit); (2) CIMT from carotid
ultrasonography-derived 2-tier cardiovascular risk (<90th
percentile vs >90th percentile); and (3) baPWV-derived 2-tier
cardiovascular risk (<1800 vs >1800 cm/s). Secondary effi-
cacy evaluations were performed by entering the above cova-
riates as independent factors into Cox proportional hazard
models.

In addition, to test Reti-CVD as an independent risk predic-
tor compared to other biomarkers, we used multivariable
Cox models including Reti-CVD (3 groups), CAC score (3
groups), CIMT (2 groups), baPWV (2 groups), and other risk
factors including age, gender, hypertension, diabetes, hyperli-
pidemia, and current smoker.

Results

Study population characteristics

Table 1 details the clinical characteristics of the participants
according to the 3 risk groups stratified by the Reti-CVD risk
groups (categorized as low-, moderate-, and high-risk
groups). In the CMERC-HI, 33 (3.0%) had non-fatal and
fatal CVD events during the 5-year follow-up. Non-fatal and
fatal CVD events rate were 1.4% (9/646) in low-risk group,
3.8% (7/183) in moderate-risk group, and 6.1% (17/277) in
high-risk group of Reti-CVD. Across these low-, moderate-,
and high-risk Reti-CVD groups, the mean CAC scores were
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Table 1. Characteristics of study population of CMERC-HI according to Reti-CVD risk groups (n=1106).

Reti-CVD risk groups

Variables Low Moderate High
Participants, 7 (%) 646 183 277
Cardiovascular events, 7 (%) 9(1.4%) 7 (3.8%) 17 (6.1%)
Coronary artery calcium (CAC) score, mean (unit) (SD) 130.2 (409.6) 310.3 (847.8) 344.4 (628.4)
CAC-three risk groups
Zero, n (%) 348 (53.9%) 54 (29.5%) 63 (22.7%)
>0 to 100, 7 (%) 156 (24.1%) 55 (30.1%) 78 (28.2%)
>100, 7 (%) 142 (22.0%) 74 (40.4%) 136 (49.1%)
Carotid intima media thickness, mean (mm) (SD) 0.7 (0.2) 0.8 (0.2) 0.8 (0.2)
<90th percentile, 7 (%) 589 (91.2%) 149 (81.4%) 212 (76.5%)
>90th percentile, 7 (%) 57 (8.8%) 34 (18.6%) 65 (23.5%)
Brachial-ankle pulse wave velocity, mean (cm/s) (SD) 1430.3 (256.4) 1562.1 (266.1) 1636.1 (293.6)
<1800 cm/s, n (%) 592 (91.6%) 151 (82.5%) 210 (75.8%)
>1800 cms, 7 (%) 54 (8.4%) 32 (17.5%) 67 (24.2%)
Age, mean (years) (SD) 54.8(11.5) 63.7 (9.6) 67.0 (8.1)
Gender
Male, 7 (%) 303 (46.9%) 115 (62.8%) 178 (64.3%)
Female, 1 (%) 343 (53.1%) 68 (37.2%) 99 (35.7%)
Systolic blood pressure, mean (mmHg) (SD) 125.8 (15.3) 130.3 (17.7) 130.6 (17.1)
Diastolic blood pressure, mean (mmHg) (SD) 77.6 (9.9) 75.4 (10.6) 74.0 (9.6)
Glucose, mean (mg/dL) (SD) 106.5 (26.3) 112.7 (25.7) 120.1 (37.8)
Hypertension, 7 (%) 596 (92.3%) 169 (92.3%) 259 (93.5%)
Diabetes, 7 (%) 196 (30.3%) 79 (43.2%) 144 (52.0%)
Dyslipidemia, 7 (%) 383 (59.3%) 113 (61.7%) 159 (57.4%)
Current smoker, 7 (%) 78 (12.1%) 25 (13.7%) 28 (10.1%)

Data are 7, n (%), or mean (SD). CMERC-HI, Cardiovascular and Metabolic Disease Etiology Research Center-High Risk Cohort; CAC, coronary artery

calcium.

130.2 (SD, 409.6), 310.3 (SD, 847.8), and 344.4 (SD, 628.4)
Agatston unit, respectively.

Performance of Reti-CVD in prediction of CVD event

Kaplan-Meier curves were drawn according to the 3 Reti-CVD
risk groups (Figure 2). During the S-year follow-up, 5272.6
person-years were examined. Reti-CVD also shows distinct
CVD risk stratification based on 3 groups (Figure 2A). CAC-
three groups, and CIMT- and baPWV-two risk groups also
show distinct CVD risk stratifications as shown in Figure 2.

Table 2 shows CVD risks according to Reti-CVD, CAC,
CIMT, and baPWYV using Cox regressions. The incidence of
non-fatal and fatal CVD was 2.9 (95% CI, 1.5-5.5) in the
low-risk group, 8.1 (3.8-16.9) in the moderate-risk group,
and 13.3 (8.3-21.4) in the high-risk group according to Reti-
CVD. The risk-adjusted HR trend (primary efficacy endpoint)
was 2.02 (1.26-3.24) across 3 risk groups of Reti-CVD, indi-
cating that the risk increases are doubled when a participant
changes from one risk group to a one-step higher risk group.
Here, the statistical significance of the P-value of the HR
trend (p-trend) confirms our hypothesis that the Reti-CVD
can stratify CVD risk.

Similar to Reti-CVD, the HRs of CVD events showed a
dose-response association across the 3 risk strata according
to the CAC score (risk-adjusted HR trend 1.75, 95% CI,
1.08-2.84). Based on CIMT- and baPWV-two risk groups,
the risk-adjusted HRs for CVD events showed an association
with HR of 1.52 (0.66-3.53), and 1.43 (0.61-3.37), which did
not reach statistical significance.

The incremental value of the survival models in predicting
cardiovascular risk was evaluated using Harrell’s C-index
(Table 2). Harrell’s C-index were 0.751 (95% CI, 0.683-
0.820) in the Reti-CVD model, 0.741 (0.673-0.807) in the
CAC model, 0.707 (0.623-0.791) in the CIMT model, and

0.710 (0.625-0.794) in the baPWV model. In general, a C-
index of 0.7 indicates a good model and 0.5 indicates that the
model is no better at predicting outcome than random chance.

Lastly, when we incorporate all the biomarkers in one mul-
tivariable Cox model (Table 3), including Reti-CVD, CAC,
CIMT, baPWV, and other traditional risk factors, the HRs by
Reti-CVD were 2.40 (95% CI, 0.82-7.03) for the moderate-
risk group, 3.56 (1.34-9.51) for the high-risk group compared
to the low-risk group. CAC also showed a trend toward asso-
ciation with HR of 2.45 (0.88-6.84) in those with CAC > 100
compared to those with zero CAC; however, it was not statis-
tically significant.

Discussion

In this retrospective analysis using prospectively collected clin-
ical data of >1000 patients with 5 years of follow-up, we
showed that the Al algorithm, Reti-CVD, positioned as an Al-
SaMD, predicted future non-fatal and fatal CVD events and
stratified patients into 3 distinct risk groups (low-, moderate-,
and high-risk) effectively. We evaluated whether CVD risk
could be stratified into 3 distinct risk groups using Reti-CVD,
with a pre-specified primary efficacy endpoint of CVD events
and evaluated as the HR trend increase in CVD risk. HR
trend was 2.02 (95% CI, 1.26-3.24) across the Reti-CVD risk
groups. In a pre-specified secondary analysis, we compared
with other CVD biomarkers for CVD risk stratification, dem-
onstrating Reti-CVD showed non-inferior performance to
CAC score-based risk stratification, and superior perform-
ance compared to CIMT and baPWV.

Rationale for regulatory approval

Our study design is unique in that it utilized survival analysis
and the primary efficacy endpoint was evaluated by HR
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Figure 2. Kaplan—-Meier estimates for cumulative incidence of cardiovascular events in the CMERC-HI cohort. Cardiovascular disease event according to
Reti-CVD-three risk groups (A), coronary artery calcium (CAC)-based 3 risk groups (B), carotid intima-media thickness (CIMT)-based 2 risk groups (C), and
brachial-ankle pulse wave velocity (baPWV)-based 2 risk groups (D). Cardiovascular disease events included incident heart failure, stroke, myocardial
infarction, and cardiovascular mortality. CMERC-HI, Cardiovascular and Metabolic Disease Etiology Research Center-High Risk; CAC, coronary artery
calcium; Reti-CVD, deep-learning-based retinal CVD score system; CIMT, carotid intima-media thickness; baPWV, brachial-ankle pulse wave velocity.

trend. Area under the receiver operating characteristic, sensi-
tivity, or specificity is typically used in other AI-SaMD to
determine the presence or absence of disease in cross-sectional
evaluation. As Reti-CVD is a biomarker that stratifies future
risk rather than diagnosing current disease, its performance
should be evaluated in survival analysis through longitudinal
studies.

Our study design is also unique in that we performed retro-
spective verification. In the guidelines provided by the K-

MEDS in July 2022,"” retrospective data can be used if there
is data that meet the purpose of use when evaluating Al-
SaMD. The US Food and Drug Administration (FDA) also
allows “existing data” to be used for verification, in the fol-
lowing 2 cases: (1) Referencing existing data from studies con-
ducted for the same intended use; (2) Referencing existing
data from studies conducted for a different intended use,
where extrapolation of such data can be justified.'® Other-
wise, current guidelines recommend that studies generate new
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Table 2. Risk of cardiovascular events by the Reti-CVD, and other biomarkers.

Outcomes/biomarker N Cases Person-years Incidence (95% CI) Adjusted HR (95% CI)® P-value
Reti-CVD
Low 646 9 3129 2.9 (1.5-5.5) 1 (reference)
Moderate 183 7 868 8.1(3.8-16.9) 2.78(0.95-8.11) .061
High 277 17 1276 13.3 (8.3-21.4) 4.32 (1.62-11.54) .003
HR trend® 2.02 (1.26-3.24) .002*
C-statistics 0.751 (0.683-0.820)
CAC score
Zero 465 6 2243 2.7 (1.2-6.0) 1 (reference)
>0to 100 289 8 1394 5.7 (2.9-11.5) 1.86 (0.62-5.58) 268
>100 352 19 1636 11.6 (7.4-18.2) 3.12 (1.13-8.60) .027
HR trend 1.75 (1.08-2.84) .025%
C-statistics 0.741 (0.673-0.807)
CIMT
<90th percentile 950 25 4547 5.5(3.7-8.1) 1 (reference)
>90% percentile 156 8 725 11.0 (5.5-22.1) 1.52 (0.66-3.53) 329
C-statistics 0.707 (0.623-0.791)
baPWV
<1800 cm/s 953 25 4561 5.5(3.7-8.1) 1 (reference)
>1800 cm/s 153 8 712 11.2 (5.6-22.5) 1.43 (0.61-3.37) 412

C-statistics

0.710 (0.625-0.794)

? Primary efficacy endpoint.

Risk-adjusted controlling for age group, gender, hypertension, dyslipidemia, diabetes, and smoking.

* P-value for trend.

Incidence per 1000 person-years. Cardiovascular event rates of cardiovascular disease events including incident heart failure, stroke, myocardial infarction,

and cardiovascular mortality.

Delta from C-statistics between Reti-CVD and CAC score-based hazard model was 0.012 (—0.053 to 0.077, P =.723) for 5-year CVD events.
N, number at risk; HR, hazard ratio; CMERC-HI, Cardiovascular and Metabolic Disease Etiology Research Center-High Risk Cohort; CAC, coronary artery
calcium; Reti-CVD, deep-learning retinal CVD score; CIMT, carotid intima-media thickness; baPWV, brachial-ankle pulse wave velocity.

clinical data for a specific intended use.'® However, in the
case of AI-SaMDs identifying diabetic retinopathy with reti-
nal photographs that have been approved so far (ie, Lumine-
ticsCore [former IDx-DR], Digital Diagnostics; EyeArt,
Eyenuk; and AEYE-DS, AEYE Health), pivotal studies have
been newly performed.

With regard to using retrospective validation and HR as
primary endpoints, there exists a precedent of FDA approval.
Specifically, “DiaDexus” employed plasma samples from the
Atherosclerosis Risk in Communities (ARIC) study, an initia-
tive begun in 1985, which delved into the causes and clinical
implications of atherosclerosis. Through this data,
“DiaDexus” evidenced the efficacy of the PLAC test, a diag-
nostic tool measuring Lipoprotein-Associated Phospholipase
A2 (Lp-PLA2) in plasma, which aids in gauging the risk of
coronary heart disease and ischemic stroke. This methodology
secured FDA endorsement, and, to our knowledge, stands as
an emblematic instance of product licensing based on retro-
spective data with HR as the primary determinant. A detailed
comparison between Lp-PLA2 and Reti-CVD can be found in
Appendix S7.

The approval was possible with a single-center design
because of our robust generalizable clinical validation
through peer-reviewed publications as independent reviews.
According to the International Medical Device Regulators
Forum (IMDRF), independent review of clinical evidence is
critical for regulatory approval of AI-SaMDs.'” Independent
review includes formal consultation with regulators, third
parties on behalf of regulators, or the editorial board of a
peer-reviewed journal. We provided robust clinical evidence
via peer-reviewed articles.'>'* These publications showed
that Reti-CVD was validated previously based on the UK Bio-
bank (=47 679), and the Singapore Epidemiology of Eye
Diseases study (7= 8551) including Malay, Indian, and Chi-
nese ethnicities.'?

Reti-CVD is considered as low/moderate impact SaMD cat-
egory according to the IMDRF." Our intended target popu-
lation is asymptomatic adults who have not been previously
diagnosed with CVD, suggesting that individuals may not
always be patients, and clinical information provided by Reti-
CVD will not trigger an immediate action for acute CVD.
Reti-CVD provides the probability of future CVD events
rather than diagnosing CVD such as acute stroke or myocar-
dial infarction, indicating Reti-CVD’s purpose to drive clinical
management on “non-serious conditions” rather than
“serious conditions.” Moreover, Reti-CVD may not only
encourage early intervention for current CVD “risk factors,”
such as unhealthy lifestyles, obesity, and known chronic con-
ditions; but also promote evaluation for unknown chronic
conditions such as hypertension, hyperlipidemia, and diabetes
in conjunction with clinical evaluation.

Thus, on the basis of the aforementioned rationales, the K-
MFDS approved Reti-CVD based on retrospective survival
analysis using prospectively collected data, which was col-
lected in single center. The strength of this study is that we
reported the first regulated pivotal study on AI-SaMD with an
intended use for future disease risk stratification rather than
assisting diagnoses.

Practical real-world workflow and reimbursement

In earlier study, the application of Reti-CVD to the existing
10-year ASCVD risk estimators (European SCORE and US
Pooled Cohort Equation) resulted in an increase in the net
reclassification index by 22%-26%."? Consequently, the com-
bined approach enhances the effectiveness of identifying
patients at risk. Use of point-of-care CVD risk triage with the
Reti-CVD is especially helpful for identifying at-risk groups in
CVD primary prevention because the retinal camera is easy to
operate, highly portable, and has a smaller footprint. There-
fore, using an in-house retinal camera in primary care, with on-
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Table 3. Multivariable Cox model including Reti-CVD, other biomarkers,

and traditional risk factors.

Outcomes/biomarker Adjusted hazard ratio (95% CI)  P-value
Reti-CVD score

Low 1 (reference)

Moderate 2.40 (0.82-7.03) 110

High 3.56 (1.34-9.51) 011
CAC score

Zero 1 (reference)

>0 to 100 1.61 (0.53-4.87) .395

>100 2.45 (0.88-6.84) .086
Carotid intima media thickness, mean (mm) (SD)

<90th percentile, 7 (%) 1 (reference)

>90th percentile, 7 (%) 1.50 (0.64-3.51) 345
Brachial-ankle pulse wave velocity, mean (cm/s) (SD)

<1800 cm/s, 1 (%) 1 (reference)

>1800 cmis, 7 (%) 1.27 (0.53-3.03) 589
Age group (years)

20-44 1 (reference)

45-49 0.84 (0.14-5.07) .846

50-54 1.13 (0.25-5.00) .873

55-59 0.21 (0.02-2.16) 192

60-64 0.53(0.11-2.68) 446

65-69 0.56 (0.12-2.74) 476

70-80 0.71 (0.16-3.20) 652
Other parameters

Female 0.72 (0.32-1.60) 423

Hypertension 0.40 (0.15-1.07) .068

Diabetes 0.96 (0.46-2.00) .909

Hyperlipidemia 0.79 (0.39-1.61) 521

Current smoker 1.47 (0.56-3.90) 435

Cardiovascular event rates of cardiovascular disease events including
incident heart failure, stroke, myocardial infarction, and cardiovascular
mortality. HR, hazard ratio; CAC, coronary artery calcium; Reti-CVD,
deep-learning retinal CVD score; CIMT, carotid intima-media thickness;
baPWV, brachial-ankle pulse wave velocity.

site personalized CVD risk assessment that is comparable to
CT-measured CAC, improves clinical workflow as it: (1) less-
ens the need for secondary imaging referral, (2) enables same
session patient—doctor shared decision-making, (3) provides
additional risk-enhancing factor for patients who are hesitant
on starting pharmacotherapy, and (4) avoids delays in clinical
intervention for actual at-risk patients. Moreover, compared to
the clinical recommendation for cardiac CT scanning intervals
of 3-5 years, Reti-CVD allows for more frequent patient re-
screenings given that it is non-invasive, harmless with no radia-
tion risk, and fast with a simplified workflow.”*°

In terms of reimbursement, doctors can diagnose eye dis-
eases from retinal photos, but predicting cardiovascular risk
is a unique area that only Al can do (ie, humans cannot quan-
tify CVD risk based on retinal photos). Therefore, Reti-CVD
SaMD was classified as a medical device that needs to be eval-
uated as a “new medical technology” despite the use of an
already-approved medical device, the retinal camera. This
was decided by the Korean Health Insurance Review &
Assessment (HIRA, similar to US Centers for Medicare &
Medicaid Services [CMS]) and will be evaluated by National
Evidence-based healthcare Collaborating Agency (NECA,
similar to US American Medical Association [AMA]).

Recently, a new policy is being implemented to launch Al
and digital medical device quickly into the market through an
“innovative medical technology track” or “exemption (defer-
ral) track for a safe device (eg, non-invasive tool)” in Korea.
This is similar to the breakthrough medical device designation
by the US FDA. As retinal photography can be obtained non-

invasively, Reti-CVD is under evaluation for the aforemen-
tioned exemption track. Once NECA (~ AMA) grants an
exemption track, a new medical device will receive a tempo-
rary code for 2 years and be reimbursed by private insurers,
which covers ~70% of the Korean population. However, the
National Health Insurance Service (NHIS), a government
sponsored single payer insurance system, will not reimburse
costs related to this device. Currently, Reti-CVD is covered by
private insurance providers in South Korea. Its use is extend-
ing from ophthalmology to frontline care in both familiy and
internal medicine.

Conclusions

Thus, after a comprehensive review of the clinical evidence
and benefit/risk analysis, K-MFDS approved the use of Reti-
CVD via a single centered trial. These results led K-MFDS to
authorize Reti-CVD as a retinal image-based, personalized
CVD risk scoring system, which is designed to aid healthcare
professionals identify and manage current CVD risk factors,
in addition to clinical evaluation, among asymptomatic adults
who have not been previously diagnosed with CVD. From a
broader perspective, these results demonstrate the ability of
deep learning to bring automated CVD risk quantification
which cannot be performed by humans.
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