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ABSTRACT 

Backgraund. Cardiovascular disease ( CVD ) and mortality is elevated in chronic kidney disease ( CKD ) . Retinal vessel 
calibre in retinal photographs is associated with cardiovascular risk and automated measurements may aid CVD risk 
prediction. 
Methods. Retrospective cohort study of 860 Chinese, Malay and Indian participants aged 40–80 years with CKD 

[estimated glomerular filtration rate ( eGFR ) < 60 ml/min/1.73 m 

2 ] who attended the baseline visit ( 2004–2011 ) of the 
Singapore Epidemiology of Eye Diseases Study. Retinal vessel calibre measurements were obtained by a deep learning 
system ( DLS ) . Incident CVD [non-fatal acute myocardial infarction ( MI ) and stroke, and death due to MI, stroke and other 
CVD] in those who were free of CVD at baseline was ascertained until 31 December 2019. Risk factors ( established, 
kidney, and retinal features ) were examined using Cox proportional hazards regression models. Model performance was 
assessed for discrimination, fit, and net reclassification improvement ( NRI ) . 
Results. Incident CVD occurred in 289 ( 33.6% ) over mean follow-up of 9.3 ( 4.3 ) years. After adjusting for established 
cardiovascular risk factors, eGFR [adjusted HR 0.98 ( 95% CI: 0.97–0.99 ) ] and retinal arteriolar narrowing [adjusted HR 1.40 
( 95% CI: 1.17–1.68 ) ], but not venular dilation, were independent predictors for CVD in CKD. The addition of eGFR and 
retinal features to established cardiovascular risk factors improved model discrimination with significantly better fit and 
better risk prediction according to the low ( < 15% ) , intermediate ( 15–29.9% ) , and high ( 30% or more ) risk categories ( NRI 
5.8% ) , and with higher risk thresholds ( NRI 12.7% ) . 
Conclusions. Retinal vessel calibre measurements by DLS were significantly associated with incident CVD independent 
of established CVD risk factors. Addition of kidney function and retinal vessel calibre parameters may improve CVD risk 
prediction among Asians with CKD. 
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NTRODUCTION 

hronic kidney disease ( CKD ) and CKD-related mortality and 
isability-adjusted life years ( DALYs ) increased worldwide and 
specially in Asia [ 1 , 2 ]. Its prevalence doubled between 1990 and 
019 so that more than 430 million people in Asia are now liv- 
ng with CKD [ 2 ]. The growing burden of CKD may be attributed 
o aging populations and greater frequency of metabolic risk 
actors such as diabetes and hypertension [ 1 , 3 ]. These chronic 
etabolic conditions are also well-established risk factors for 
ardiovascular disease ( CVD ) [ 4 ], hence it is unsurprising that 
VD is prevalent among individuals with CKD. Indeed, the risk of 
ncident CVD was significantly higher in people with lower esti- 
ated glomerular filtration rate ( eGFR ) , a measure of CKD sever- 

ty [ 5 , 6 ], and CKD ( defined as eGFR 15-59 ml/min/1.73 m 

2 with or
ithout albuminuria ) is recognized as a CVD risk enhancer [ 7 ].
VD is the most common cause of death among individuals with 
KD [ 8 ], and the risk of cardiovascular mortality increased with 
ower eGFR. In a large population-based study of 81 064 deaths 
n Canada, the age- and sex-adjusted proportion of patients who 
ied from cardiovascular disease increased as eGFR decreased 
 33.3%, 37.1%, and 39.9% of patients with eGFR 45–59.9, 30–44.9,
nd 15–29.9 ml/min per 1.73 m 

2 , respectively ) [ 8 ]. Thus, CVD can 
e considered a bigger threat to health in people with CKD than 
ven end-stage kidney failure [ 9 ]. 

Accurate CVD risk stratification and prediction may help 
dentify individuals with CKD who may benefit most from 

ggressive risk factor control, primary prevention interventions,
r screening for occult disease. Although several cardiovascular 
isk scores based on factors such as age, gender, smoking status,
iabetes, body mass index ( BMI ) , lipid and blood pressure levels,
nd/or use of anti-hypertensive medications exist [ 10 ], there 
emains residual risk not accounted for by these established 
isk factors for macrovascular disease [ 5 , 10 ], especially in CKD 

 11 ]. It is postulated that CVD can be driven by microvascular 
isease that is mediated or exacerbated by CKD [ 12 ]. In animal 
odels, reduced kidney function was associated with coro- 
ary microvascular structural and functional changes [ 13 –15 ].
mong individuals with CKD without overt obstructive coronary 
rtery disease, lower coronary flow reserve ( indicating more 
evere microvascular dysfunction ) predicted left ventricular 
ysfunction and adverse cardiovascular outcomes [ 16 ]. There- 
ore, in CKD, retinal vessel changes may reflect microvascular 
isease that mediate CVD [ 9 ], beyond the contributions of the 
raditional risk factors to macrovascular disease [ 11 ]. Prior 
tudies in predominantly Caucasian populations have explored 
he addition of expensive and/or invasive clinical parameters 
uch as apolipoproteins, high-sensitivity C-reactive protein 
 hs-CRP ) , troponins, N-terminal prohormone B-type natriuretic 
eptide ( NT-proBNP ) , carotid intima-media thickness, pulse 
ave velocity, and coronary or aortic calcification to improve 
ardiovascular risk prediction in the general population and in 
KD cohorts [ 10 , 17 , 18 ]. Instead, retinal vessel changes are re-
ective of microvascular disease [ 19 ], and were associated with 
stablished cardiovascular risk factors ( such as hypertension ) 
nd CVD in various disease conditions [ 19 ]. Indeed, retinal mi- 
rovascular changes may be more predictive of cardiovascular 
isk in groups where the microvascular contribution to CVD is 
rominent, such as in diabetes [ 19 ], and also possibly CKD [ 16 ].
or example, the addition of flickering light-induced dynamic 
etinal vessel changes improved cardiovascular mortality risk 
rediction among haemodialysis patients [ 20 ]. Additionally, reti- 
al vessel changes can be interrogated via non-invasive image 
cquisition. Recent advances in retinal photographic methods 
an quantify even subtle retinopathy and retinal-vessel calibre 
bnormalities [ 19 ], while artificial intelligence, especially deep 
earning systems ( DLS ) with convolutional neural networks,
an overcome the need for highly-trained human assessment 
f retinal-vessel calibre from retinal photographs and thus 
educe the technical expertise, manpower and time required.
ur team developed a DLS to automatically quantify retinal 
essel calibres called SIVA-DLS, which highly correlated with 
alidated human measurements [ 21 ]. 

In this study, we aimed to assess the incremental value of 
etinal vessel calibres measured by SIVA-DLS in predicting inci- 
ent CVD beyond established CVD risk factors in in a population- 
ased cohort of multi-ethnic Asians with CKD. 

ATERIALS AND METHODS 

tudy population 

he Singapore Epidemiology of Eye Diseases ( SEED ) study is 
 large population-based prospective cohort study of Chinese,
alay, and Indian adults aged 40–80 years at enrollment that 
ombined three independent studies: the Singapore Malay 
ye Study ( SiMES, 2004–2006 ) , the Singapore Indian Eye Study 
 SINDI, 2007–2009 ) , and the Singapore Chinese Eye Study ( SCES,
009–2011 ) [ 22 ]. Detailed methodology was previously reported 
y the Singapore Eye Research Institute [ 23 –25 ]. Briefly, age- 
tratified random sampling from computer-generated random 

ists of individuals 40 to 80 years of age residing in the same
eographical area in Singapore generated a sampling frame 
f 6350 Chinese, 5600 Malays, and 6350 Indians, then enrolled 
0 033 participants comprising 3353 Chinese, 3280 Malays, and 
400 Indians [ 22 ]. All participants had data collection and retinal
hotography. For this analysis, we included 860 individuals with 
GFR < 60 ml/min/17.3 m 

2 who ( i ) did not have self-reported 
r physician-diagnosed angina, myocardial infarction ( MI ) or 
troke at baseline, and ( ii ) had complete information for all 
o-variates ( Fig. 1 ) . 

ata collection 

n interviewer-administered questionnaire was used to col- 
ect participants’ socio-demographic and medical history as 
reviously described [ 26 ]. Diabetes mellitus was defined in 
he presence of random serum glucose ≥11.1 mmol/L, glyco- 
ylated haemoglobin ( HbA1c ) ≥6.5%, self-reported physician- 
iagnosed diabetes or use of glucose-lowering treatment [ 27 ].
ypertension was defined in the presence of systolic blood 
ressure ( BP ) ≥140 mmHg, diastolic ≥90 mmHg, self-reported 
hysician-diagnosed hypertension or use of blood-pressure low- 
ring therapy. Non-fasting serum lipid, HbA1c, and creatinine 
ere evaluated. Serum creatinine was measured using an en- 
ymatic method calibrated to the National Institute of Standard 
nd Technology ( NIST ) Liquid Chromatography Isotope Dilution 
ass Spectrometry ( LC-IDMS ) method [ 22 ]. eGFR was calculated 
sing the Chronic Kidney Disease Epidemiology study ( CKD EPI ) 
quation [ 28 ]. Laboratory investigations were conducted at hos- 
itals accredited by the College of American Pathologists. 

ssessment of retinal vascular parameters 

fter pupil dilation, two-field color photographs [Early Treat- 
ent for Diabetic Retinopathy Study ( ETDRS ) field 1, centered 
n the optic disc; field 2, centered on the fovea] were obtained 
rom each eye of all participants using a digital retinal camera 
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Figure 1: Participants selection flowchart. 
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a  
 Canon CR-1 Mark-II Non-mydriatic Digital Retinal Camera; 
anon, Tokyo, Japan ) . Retinopathy was present if any char-
cteristic lesion including microaneurysms, hemorrhages,
otton wool spots, intraretinal microvascular abnormalities,
ard exudates, venous beading, and new vessels were seen.
etinal arteriolar and venular calibers [central retinal arteriolar 
quivalent ( CRAE ) and central retinal venular equivalent ( CRVE ) ,
espectively] were assessed by ( i ) human measurement and ( ii )
alculated automatically by SIVA-DLS at two regions: one from 

.5 to 1.0-disc diameters away from the disc margin ( zone B:
RAE B and CRVE B ) and one from 0.5 to 2.0-disc diameters away
rom the disc margin ( zone C: CRAE C and CRVE C ) , as shown
n Fig. 2 . SIVA-DLS was developed and validated in several
nternational datasets to specifically perform fully automated 
etinal-vessel calibre measurements from retinal photographs 
 21 ]. In addition to the usual assessment of retinal vessels
ithin zone B, a larger area that included more vessels at zone
 was assessed for a more representative sampling of retinal
ascular calibre [ 29 ]. The DLS had previously showed high
greement ( intraclass correlation coefficients between 0.82 
nd 0.95 ) with expert human graders for retinal vessel calibre
easurements and performed comparably or better than expert 
uman graders in identifying retinal abnormalities associated 
ith CVD risk factors [ 21 ]. Participants gave written informed
onsent before enrolment. The study was conducted according 
o the Declaration of Helsinki Sixth Revision ( 2008 ) and ap-
roved by the Singapore Eye Research Institute Review Board 
nd the SingHealth Centralised Institutional Review Board. 

utcome definition and ascertainment 

he primary outcome was incident CVD defined as fatal and
on-fatal myocardial infarct ( MI ) , stroke and other CVD. Sec-
ndary outcomes were ( i ) stroke and stroke-related mortality, ( ii )
I and MI-related mortality. 
MI was defined as either ( i ) definitive or clinical MI; ( ii ) death
ases signed up by pathologists or physicians as MI, with or
ithout necropsy done. MI was identified by linkage with the
ingapore Myocardial Infarction Registry ( SMIR ) , a nation-wide
egistry under the purview of the National Registry of Diseases
ffice ( NRDO ) . The epidemiological data in SMIR included all
I diagnosed and coded with International Classification of
iseases 9th Revision ( ICD-9 ) 410 in all hospitals, thus data
apture is estimated to be 100%. Stroke data was obtained from
he Singapore Stroke Registry gathered from medical claims
ecords and case finding from public hospital electronic medical
ecords using ICD-9 codes 430 to 437, while excluding 432.1
nd 435 ( subdural hemorrhage, transient cerebral ischemia,
espectively ) . Data capture is estimated to be 95% as cases from
rivate hospitals were not included. Cardiovascular mortality 
as ascertained by linkage with the Registry of Births and
eaths for death due to cardiovascular causes that included
cute myocardial infarction, coronary heart disease, hyperten- 
ive and other heart disease, heart failure, and stroke ( Table S1 ,
ee online supplementary material ) . It is mandatory to report
ll deaths in Singapore, thus this registry is 100% complete in
ecording all reported deaths. 

To assess the secondary outcomes, we excluded participants
ho had cardiovascular events other than the secondary out-
ome of interest ( Table S2 , see online supplementary material ) .
ll outcomes were censored at death or 31 December 2019. 

tatistical analysis 

tatistical analyses were performed using STATA statistical 
oftware ( Version 14.1, StataCorp, College Station, TX, USA ) .
ategorical data were reported as number ( percentage ) and
ontinuous data presented as mean ( standard deviation ) . De-
ographic and clinical characteristics at baseline of those who
ad incident CVD and those who did not were compared using t -
est or chi-square test for continuous and categorical variables,
espectively. Established risk factors ( age, gender, ethnicity,
ody mass index, total cholesterol, high density lipoprotein
 HDL ) -cholesterol, smoking status, systolic BP, HbA1c, and use
f blood pressure-lowering medication ) [ 30 ] were included in
odel 1, while kidney function ( as an ASCVD risk enhancer [ 7 ] )
nd retinal features were added in a series of multi-variable
odels and assessed using Cox proportional-hazards regres- 
ion. Discrimination was assessed using the receiver operating
haracteristic ( ROC ) curve and area under the receiver operating
urve ( AUC ) [ 31 ]. The Akaike Information Criterion ( AIC ) was
omputed to compare the goodness of fit between the various
odels after accounting for model complexity, with a difference

n AIC > 10 considered to be significant [ 32 ]. We then performed
 i ) subgroup analyses by gender, ethnicity, diabetes status,
nd severity of kidney disease for the models that included
stablished cardiovascular risk factors, kidney function, and 
etinal features, ( ii ) sensitivity analyses in ( a ) participants with
etinal vessel caliber assessment by both DLS and expert human
raders and ( b ) participants with albuminuria results and ( iii )
upplementary analysis evaluating the associations between 
he incident CVD and retinal vessel calibres assessed by both
uman measurements and DLS. 
The improvement in risk prediction by addition of eGFR and

etinal vascular parameters to established cardiovascular risk 
actors was assessed by net reclassification improvement ( NRI ) .
he NRI e is the net proportion of events assigned a higher risk
ategory, while the NRI ne is the net proportion of non-events
ssigned a lower risk category. While the American College of

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
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Figure 2: Heat maps for ( a ) central retinal arteriolar equivalent ( CRAE ) and ( b ) central retinal venular equivalent ( CRVE ) were generated by SIVA-DLS using integrated 
gradients at selected layers of the neural network to show features identified by the predicted attributions ( with positive attributions indicated by the green dots ) , 
based on ( c ) retinal image captured by digital camera labelled with Zone B ( 0.5 to 1.0-disc diameters away from the disc margin, between dashed white line and solid 
blue line as shown by blue arrow ) and Zone C ( 0.5 to 2.0-disc diameters away from the disc margin, between dashed white line and solid white line as shown by white 

arrow ) . 
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ardiology ( ACC ) and American Heart Association ( AHA ) guide- 
ine defined high cardiovascular risk as 20% or greater at 10 years 
 7 ], the World Health Organization ( WHO ) /International Society 
f Hypertension ( ISH ) suggested that a risk cut-off of 30% [ 33 ],
nd our previous study noted that incident CVD occurred in 15–
0% in Asians with kidney disease [ 5 ]. Thus, the risk categories 
ere defined as low ( risk < 15% ) , intermediate ( 15–29.9% ) and 
igh ( 30% or more ) , and according to the observed risk tertiles. 
SEED was conducted in accordance with the Declaration 

f Helsinki and was approved by the SingHealth Centralised 
nstitutional Review Board ( 2018/2717, 2018/2921, 2012/487/A,
015/2279, 2018/2006, 2018/2594, 2018/2570 ) . Informed consent 
as obtained from all participants. 

ESULTS 

able 1 showed the characteristics of 860 participants with CKD 

ithout CVD at baseline. The mean age was 67.7 ( 8.8 ) years 
nd eGFR was 47.4 ( 11.8 ) ml/min/1.73 m 

2 . Most ( 783 partici- 
ants, 91.0% ) had eGFR between 30–59.9 ml/min/1.73 m 

2 ( CKD 

tage G3 ) , while 49 ( 5.7% ) and 28 ( 3.3% ) had eGFR between 15–
9.9 ml/min/1.73 m 

2 ( CKD Stage G4 ) and < 15 ml/min/1.73 m 

2 

 CKD Stage G5 ) , respectively. Established cardiovascular risks 
uch as older age, diabetes, hypertension, and higher BMI 
ere frequent. Detailed characteristics of the three cohorts 

 SiMES, SINDI, and SCES ) are further described in Table S3 
 see online supplementary material ) . CRAE and CRVE in 
ones B and C were similar ( Table 1 ; Fig. S1 , see online
upplementary material ) . CRAE and CRVE were not significantly 
ifferent between the groups with and without ( i ) diabetes,
 ii ) eGFR < 45 ml/min/1.73 m 

2 , and ( iii ) albuminuria ( Fig. S2a –S2c ,
ee online supplementary material ) . 

Incident CVD occurred in 289 ( 33.6% ) over mean follow-up 
f 9.3 ( 4.3 ) years. Incident CVD occurred in 33.1%, 32.7%, and 
0.0% of participants with CKD Stage G3, G4, and G5, respectively.
able 1 showed that those with incident CVD were significantly 
lder, more likely to be Malay, current smokers, and have dia- 
etes and retinopathy. They also had significantly higher systolic 
P, total cholesterol, low density lipoprotein ( LDL ) -cholesterol,
nd HbA1c, but lower eGFR and narrower central retinal arte- 
ioles ( at both zones B and C ) , than those without incident CVD.

Multivariate Cox regression in Table 2 noted that older age,
ndian ethnicity, current smoking, higher systolic BP, and higher 
bA1c independently associated with incident CVD, while sex,
MI, total cholesterol, HDL-cholesterol, and use of BP-lowering 
edications were not ( Model 1 ) . Model 2 additionally included 
GFR and Models 3 and 4 further included both kidney and reti- 
al features at Zone B and Zone C, respectively. After adjusting 
or established cardiovascular risk factors, eGFR [adjusted HR 
.98 ( 95% CI: 0.97–0.99 ) in Models 3 and 4] and smaller CRAE [ad-
usted HR 1.40 ( 95% CI: 1.17–1.68 ) in Model 3 and 1.41 ( 1.17–1.69 )
n Model 4], were independently associated with CVD. CRVE B 
nd CRVE C were not associated with incident CVD. In subgroup 
nalyses ( Fig. 3 ) , like the main analyses, smaller CRAE remained 
trongly associated with incident CVD in diabetes, male, female,
alay, Indian, CKD Stage G3A, and CKD Stage G3B or worse. 
Sensitivity analysis for 843 participants with complete cal- 

ber measurements by both DLS and human graders were per- 
ormed ( Table 3 ) . The associations between incident CVD and 
etinal features at Zone B assessed by DLS and expert human 
raders were similar in both magnitude and direction. Smaller 
RAE, but not CRVE, measured by both expert human graders 
nd DLS were independently associated with incident CVD in 
he multivariable model that included kidney and retinal param- 
ters. 

Table S4 ( see online supplementary material ) showed the ad- 
ition of albuminuria to the kidney-enhanced Cox regression 
odel for 496 participants with albuminuria data. After adjust- 

ng for the established cardiovascular risk factors and eGFR, al- 
uminuria was not independently associated with incident CVD 

 Model 2 ) . Despite the addition of albuminuria to models that in-
luded established cardiovascular risk factors, kidney function 
nd retinal features ( Model 3 and 4 ) , eGFR and smaller CRAE were
ndependently associated with CVD. 

Table 2 compared the model that used established risk fac- 
ors [age, gender, ethnicity, body mass index, total cholesterol,
igh density lipoprotein ( HDL ) -cholesterol, smoking status, sys- 
olic BP, HbA1c, and use of blood pressure-lowering medication] 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
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Table 1: Sociodemographic and clinical characteristics of study cohort. 

All participants Incident CVD No Incident CVD 

Characteristics ( n = 860 ) ( n = 289 ) ( n = 571 ) P value* 

Age, mean ( SD ) , years 67.70 ( 8.81 ) 69.45 ( 8.64 ) 66.82 ( 8.77 ) < 0 .001 
Ethnicity, n ( % ) 

Chinese 171 ( 19.9 ) 38 ( 13.1 ) 133 ( 23.3 ) 0 .002 
Malay 510 ( 59.3 ) 182 ( 63.0 ) 328 ( 57.4 ) 
Indian 179 ( 20.8 ) 69 ( 23.9 ) 110 ( 19.3 ) 

Female sex, n ( % ) 412 ( 47.9 ) 128 ( 44.3 ) 284 ( 49.7 ) 0 .150 
BMI 26.23 ( 4.68 ) 26.02 ( 4.75 ) 26.34 ( 4.65 ) 0 .346 
Current smoking, yes ( % ) 105 ( 12.2 ) 52 ( 18.0 ) 53 ( 9.3 ) < 0 .001 
Diabetes mellitus, yes ( % ) 381 ( 44.3 ) 154 ( 53.3 ) 227 ( 39.8 ) < 0 .001 
Hypertension, yes ( % ) 770 ( 89.7 ) 267 ( 92.4 ) 503 ( 88.4 ) 0 .089 
Systolic BP, mean ( SD ) , mmHg 151.96 ( 24.32 ) 157.36 ( 23.81 ) 149.23 ( 24.14 ) < 0 .001 
Diastolic BP, mean ( SD ) , mmHg 79.02 ( 11.40 ) 80.03 ( 11.97 ) 78.52 ( 11.07 ) 0 .073 
Total cholesterol, mean ( SD ) , mmol/L 5.51 ( 1.31 ) 5.65 ( 1.34 ) 5.44 ( 1.28 ) 0 .024 
HDL-cholesterol, mean ( SD ) , mmol/L 1.25 ( 0.36 ) 1.22 ( 0.34 ) 1.26 ( 0.36 ) 0 .079 
LDL-cholesterol, mean ( SD ) , mmol/L 3.34 ( 1.07 ) 3.47 ( 1.10 ) 3.28 ( 1.05 ) 0 .015 
HbA1c, % ( mmol/mol ) 6.62 ( 1.49 ) 6.87 ( 1.74 ) 6.50 ( 1.33 ) 0 .001 
Glucose-lowering medication, yes ( % ) 243 ( 28.4 ) 97 ( 33.8 ) 146 ( 25.6 ) 0 .015 
BP-lowering medication, yes ( % ) 492 ( 57.2 ) 169 ( 58.5 ) 323 ( 56.6 ) 0 .644 
Lipid-lowering medication, yes ( % ) 296 ( 34.8 ) 95 ( 33.6 ) 201 ( 35.4 ) 0 .654 
eGFR, mean ( SD ) , mL/min/1.73 m 

2 47.37 ( 11.79 ) 45.72 ( 12.55 ) 48.21 ( 11.30 ) 0 .005 
Presence of retinopathy, yes 120 ( 14.0 ) 54 ( 18.7 ) 66 ( 11.6 ) 0 .006 
CRAE B , mean ( SD ) , μm 132.47 ( 13.93 ) 129.99 ( 15.07 ) 133.72 ( 13.15 ) < 0 .001 
CRVE B , mean ( SD ) , μm 190.20 ( 26.33 ) 188.00 ( 30.75 ) 191.32 ( 23.74 ) 0 .108 
CRAE C , mean ( SD ) , μm 131.68 ( 15.43 ) 128.96 ( 17.43 ) 133.06 ( 14.14 ) < 0 .001 
CRVE C , mean ( SD ) , μm 195.35 ( 24.17 ) 193.34 ( 28.66 ) 196.37 ( 21.49 ) 0 .114 
Follow up duration, years 9.31 ( 4.33 ) 6.19 ( 3.77 ) 10.89 ( 3.68 ) < 0 .001 

BP: blood pressure; CRAE B : central retinal arteriolar equivalent at Zone B ; CRVE B : central retinal venular equivalent at Zone B ; CRAE C : central retinal arteriolar equivalent 
at Zone C ; CRVE C : central retinal venular equivalent at Zone C ; CVD: cardiovascular disease; eGFR: estimated glomerular filtration rate; Hba1c: glycated haemoglobin 
( A1c ) ; HDL: high density lipoprotein; SD: standard deviation. 

*Bivariate comparison of participants who had incident CVD and participants who did not have incident CVD 
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 30 ], and the models with kidney and retinal parameters. The
ddition of eGFR to established cardiovascular risk factors in 
he kidney-enhanced model ( Model 2 ) improved model discrim- 
nation with significantly lower AIC and hence better-fit. Ad- 
ition of retinal features such as retinopathy, CRAE and CRVE
 Models 3 and 4 ) further improved discrimination with better- 
t, compared to the established-risk model ( Fig. 4 ) and the
idney-enhanced model ( Table 2 ) . Tables S5a –c and S6a–c ( see
nline supplementary material ) assessed reclassification for 
ow- ( < 15% ) , intermediate- ( 15 to 29.9% ) and high-risk ( ≥30% )
ategories. The addition of kidney and retinal features to es-
ablished cardiovascular risk factors resulted in NRI of 5.9% 

 P < 0.001 ) regardless of the retinal zone assessed: Model 3
 Table S5a , see online supplementary material ) and Model 4
 Table S6a , see online supplementary material ) both reclassi- 
ed more patients who did not have the event to lower risk
ategories ( NRI ne were 6.7% and 7.2%, respectively ) . The addi-
ion of retinal features at Zones B and C ( without eGFR ) to
stablished cardiovascular risk factors resulted in NRI of 2.8% 

 P = 0.04; Table S5b , see online supplementary material ) and 2.2%
 P = 0.10; Table S6b , see online supplementary material ) , respec-
ively, while the addition of retinal features at Zone B and C to es-
ablished cardiovascular risk factors and eGFR did not alter NRI
ignificantly ( Tables S5c and S6c, respectively, see online supple- 
entary material ) . When higher risk thresholds were used ( 0–
8.7%, 48.8–63.0% and ≥63.1% ) , the addition of kidney and reti-
al features to established cardiovascular risk factors resulted in 
reater NRIs ( 12.7% for Model 3 in Table S7 and 10.3% for Model 4
n Table S8 , see online supplementary material ) , suggesting bet-
er model calibration for patients with very high risk of incident
VD. 
For the secondary outcomes, fatal and non-fatal stroke and

I occurred in 107 participants ( 15.8% ) and 160 participants
 21.9% ) , respectively. Multivariate Cox regression in Table S9
 see online supplementary material ) noted that older age, In-
ian ethnicity, current smoking, higher systolic BP and HbA1c,
maller CRAE and larger CRVE were independently associated
ith fatal and non-fatal stroke in CKD. In contrast, lower eGFR
ut not CRVE, in addition to older age, Indian ethnicity, cur-
ent smoking, higher systolic BP and HbA1c, and smaller CRAE,
ere independently associated with incident fatal and non-
atal MI in CKD ( Table S10 , see online supplementary material ) .
he risk models for incident fatal and non-fatal stroke ( Fig.S3 ,
ee online supplementary material ) and MI ( Fig. S4 , see online
upplementary material ) that added kidney function and reti-
al vessel calibre to established cardiovascular risk factors had
etter discrimination for the outcomes than models with only
stablished cardiovascular risk factors. 

ISCUSSION 

n a multi-ethnic Asian population with CKD, retinal arterio-
ar narrowing was consistently associated with incident CVD,
I and stroke, and venular dilation independently predicted for
troke. It was previously thought that associations between reti-
al vessel calibre changes and cardiovascular risk factors may
xplain the predictive role of retinal vessel calibre for CVD, as
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Table 2: Relationship of established risk factors, serum biomarkers and retinal microvascular measures and the risk of incident cardiovascular 
disease. 

Participants, N = 860 Incident cardiovascular events, n = 289 ( 33.6% ) 

Model 1 Model 2 Model 3 Model 4 
HR ( 95% CI ) HR ( 95% CI ) HR ( 95% CI ) HR ( 95% CI ) 

Age per 1 year increase 1.05 ( 1.03–1.06 ) 1.05 ( 1.03–1.06 ) 1.05 ( 1.03–1.06 ) 1.05 ( 1.03–1.06 ) 
Female sex, yes 0.81 ( 0.62–1.06 ) 0.81 ( 0.62–1.06 ) 0.86 ( 0.65–1.13 ) 0.84 ( 0.64–1.10 ) 
Ethnicity 
Malay Reference Reference Reference Reference 
Indian 1.66 ( 1.21–2.26 ) 1.86 ( 1.36–2.56 ) 1.62 ( 1.16–2.26 ) 1.69 ( 1.21–2.36 ) 
Chinese 0.96 ( 0.65–1.43 ) 1.04 ( 0.70–1.54 ) 0.94 ( 0.63–1.39 ) 0.99 ( 0.67–1.47 ) 

BMI 0.99 ( 0.96–1.01 ) 0.98 ( 0.96–1.01 ) 0.98 ( 0.95–1.01 ) 0.98 ( 0.95–1.01 ) 
Total cholesterol per 1 mmol/L increase 1.07 ( 0.97–1.18 ) 1.09 ( 0.99–1.20 ) 1.08 ( 0.98–1.20 ) 1.08 ( 0.98–1.19 ) 
HDL cholesterol per mmol/L increase 0.87 ( 0.59–1.28 ) 0.95 ( 0.65–1.40 ) 0.96 ( 0.65–1.41 ) 0.97 ( 0.66–1.42 ) 
Current smoking 2.27 ( 1.62–3.19 ) 2.51 ( 1.78–3.54 ) 2.36 ( 1.67–3.32 ) 2.38 ( 1.69–3.35 ) 
Systolic blood pressure per 1 mmHg increase 1.01 ( 1.01–1.02 ) 1.01 ( 1.01–1.02 ) 1.01 ( 1.01–1.02 ) 1.01 ( 1.01–1.02 ) 
HbA1c, per 1% increase 1.19 ( 1.11–1.28 ) 1.18 ( 1.10–1.27 ) 1.16 ( 1.07–1.26 ) 1.16 ( 1.07–1.26 ) 
BP-lowering medication, yes 1.27 ( 0.98–1.64 ) 1.16 ( 0.90–1.50 ) 1.20 ( 0.92–1.55 ) 1.16 ( 0.89–1.50 ) 
eGFR per 1 mL/min/1.73 m 

2 increase 0.97 ( 0.96–0.98 ) 0.98 ( 0.97–0.99 ) 0.98 ( 0.97–0.99 ) 
Presence of retinopathy, yes 1.24 ( 0.85–1.81 ) 1.24 ( 0.85–1.81 ) 
CRAE B a 1.40 ( 1.17–1.68 ) 
CRVE B b 1.15 ( 0.96–1.37 ) 
CRAE C a 1.41 ( 1.17–1.69 ) 
CRVE C b 1.17 ( 0.98–1.41 ) 
AUC 0.720 ( 0.680–0.758 ) 0.743 ( 0.704–0.779 ) 0.760 ( 0.722–0.797 ) 0.760 ( 0.722–0.797 ) 
Akaike Information Criterion 3572 3550 3538 3538 

a per standard deviation decrease in arteriolar caliber. 
b per standard deviation increase in venular caliber. 
CI: confidence interval; CRAE B : central retinal arteriolar equivalent at Zone B ; CRAE C : central retinal arteriolar equivalent at Zone C ; CRVE B : central retinal venular 
equivalent at Zone B ; CRVE C : central retinal venular equivalent at Zone C ; eGFR: estimated glomerular filtration rate; Hba1c: glycated haemoglobin; HDL: high density 
lipoprotein; HR: hazard ratio. 

Model 1: Established risk factors. 
Model 2: Established risk factors + eGFR. 
Model 3: Model 2 + retinal features ( presence of retinopathy, retinal arteriolar and retinal venular calibers assessed by SIVA-DLS at Zone B ) . 
Model 4: Model 2 + retinal features ( presence of retinopathy, retinal arteriolar and retinal venular calibers assessed by SIVA-DLS at Zone C ) . 

(a) (b)

Figure 3: Forest Plots showing hazard ratio ( HR ) and 95% confidence interval ( CI ) of ( a ) CRAE B and ( b ) CRAEc for incident cardiovascular disease. 
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etinal arteriolar narrowing was associated with hypertension 
 34 , 35 ], large arterial function and structure [ 36 ]; while venu-
ar dilation was associated with hypertension [ 35 ], atheroscle- 
osis [ 37 ], hypercholesterolemia [ 37 ], and hyperglycemia [ 38 ].
ur study found that retinal arteriolar and venular calibres as- 
essed by SIVA-DLS were significantly associated with incident 
VD in CKD, even after accounting for established CVD risk fac- 
ors and kidney function. The study findings support the hy- 
othesis that retinal vessel changes may reflect microvascu- 
ar disease that mediate CVD in CKD [ 9 ], beyond the predic- 
ive value of established risk factors that are usually involved 
n the pathogenesis of macrovascular disease. These findings 
re consistent with known literature, including a recently pub- 
ished systematic review of 42 publications focusing on acute 
oronary syndrome and coronary artery disease [ 39 ], that linked 
etinal vessel parameters with CVD risk in various disease 
ohorts [ 19 , 39 ]. 

Other factors associated with CVD were older age, Indian eth- 
icity, current smoking, higher systolic BP, higher HbA1c, and 
ower eGFR. Age, smoking, systolic BP, and diabetes status or con- 
rol were similarly featured in several cardiovascular risk scores 
uch as the Framingham score [ 30 ], ACC/AHA Atherosclerotic 



Retinal imaging for CVD risk prediction in CKD 2699 

Table 3: Associations between incident CVD and retinal vessel 
caliber assessed by expert human graders and DLS. 

Patients with complete retinal caliber 
measurements, N = 843 

Incident CVD, n = 284 ( 33.7% ) 
Adjusted HR ( 95% CI ) in multivariable 

model c 

a Human-CRAE B per 
SD decrease 

1.31 ( 1.13–1.51 ) 

b DLS-CRAE B per SD 

decrease 
1.44 ( 1.20–1.73 ) 

a Human-CRVE B per 
SD increase 

1.17 ( 1.00–1.37 ) 

b DLS-CRVE B per SD 

increase 
1.19 ( 1.00–1.42 ) 

CI: confidence interval; CRAE B : central retinal arteriolar equivalent at Zone B ; 

CRVE B : central retinal venular equivalent at Zone B ; HR: hazard ratio; s.d.: stan- 
dard deviation. 
a Retinal vessel caliber assessed by expert human grader. 
b Retinal vessel caliber calculated by SIVA-DLS. 
c Multivariable model adjusted for established risk factors + eGFR + retinal 
features ( presence of retinopathy, retinal arteriolar calibre and retinal venular 
calibre ) . 
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ardiovascular Disease ( ASCVD ) risk estimator [ 7 , 40 ], WHO/ISH
isk [ 33 ] and SCORE [ 41 ], while kidney function was predictive
f CVD and mortality [ 5 , 6 , 17 ]. Although albuminuria may be a
ardiovascular risk indicator [ 5 , 6 , 12 ], its addition to our models
id not significantly alter the predictive value of eGFR and CRAE
n incident CVD. Albuminuria has been postulated to be a man-
igure 4: Area under the receiver operating characteristic curve for Model 1 ( Establis

 Model 2 + retinal features including retinal vessel calibers at Zone B and C, respective
festation of systemic microvascular disease driven by inflam-
atory endothelial injury [ 12 ]. In such a hypothesis, the retinal
ascular parameters used in our models would provide direct
ssessment of the severity of microvascular disease and thus
bviate the use of albuminuria as an indirect indicator of mi-
rovascular disease. Notably, in this cohort with reduced eGFR
nd therefore possibly more severe or advanced glomerular mi-
rovascular disease and sclerosis, retinal vessel calibres were
ot significantly different regardless of the presence of albu-
inuria. Our findings thus support the 2019 ACC/AHA clinical
ractice guideline on the primary prevention of cardiovascular
isease that recognized CKD in the form of reduced eGFR ( 15–
9 ml/min/1.73 m 

2 , regardless of albuminuria ) as an ASCVD risk
nhancer [ 7 ]. 

While kidney disease was recognized as a risk modifier, most
ardiovascular risk prediction models did not include kidney
unction [ 7 , 33 , 40 , 41 ], hence the impact of kidney function
n cardiovascular risk prediction was not quantified. In this
tudy reported according to the STROBE checklist ( Table S11 ,
ee online supplementary material ) , the addition of kidney
unction and SIVA-DLS to established cardiovascular risk fac-
ors improved the prediction of incident CVD among Asians
ith CKD, with increased predicted risk for events and reduced
redicted risks for non-events. The incremental improvement 
n prediction by our model was especially marked at higher risk
hresholds. Prior studies had evaluated a variety of biomarkers
nd imaging for cardiovascular risk prediction in the general
opulation and in CKD [ 10 , 17 , 18 ]. However, model discrimina-
ion was only marginally increased in when multiple expensive
ovel biomarkers, compared to eGFR and UACR, were added to
tandard laboratory tests [ 17 ], thus raising concerns about the
hed risk factors ) , Model 2 ( Established risk factors + eGFR ) , and Model 3 and 4 

ly ) . 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad227#supplementary-data
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ost-efficiency of incorporating novel biomarkers in a tool that 
hould be made accessible to individuals with CKD globally in 
ealthcare systems with variable resources and capabilities [ 11 ].
urthermore, the addition of multiple biomarkers improved 
eclassification of non-events ( NRI ne 10.0%, 95% CI 6.8–13.3% ) ,
ut not for events ( NRI e –1.4%, 95% CI: –8.9–6.4% ) compared 
o established cardiovascular risk models ( ACC/AHA Pooled 
ohort Equations ) [ 17 ]. In contrast, smartphone-based retinal 
hotography and the SIVA-DLS may offer a new paradigm in 
ardiovascular risk screening [ 42 ]. Patient empowerment tools 
o self-manage their health, including cardiovascular risks, are 
ncreasingly leveraging on health information technology, such 
s publicly accessible websites that provide patients with online 
nformation on lifestyle modifications and targets for blood 
ressure, lipid, and weight [ 43 ]. We can potentially enhance 
atient self-management among the technology-savvy gener- 
tion by incorporating smartphone-based retinal photography 
nd the SIVA-DLS in mobile device applications to provide 
ndividualized risk assessment and tailored health advice.
uch health technology can become cost-efficient by reducing 
he technical expertise, manpower and time required in the 
ssessment of retinal vessel calibre [ 21 ] and optimizing the 
olume to be performed for cardiovascular risk assessment. 

The strengths of this study are the inclusion of a large, well- 
haracterised, population-based cohort with relatively little 
issing data, and the use of a well-established measurement to 
etermine retinal vessel caliber. There are some limitations. The 
doption of the enhanced risk model that includes SIVA-DLS 
ill need to be externally validated in other cohorts, as the 
urden of CVD and its risk factors are likely to differ in different 
opulations. Interestingly, the predictive values of the retinal 
essel changes for clinical cardiovascular events have differed 
mong different populations [ 39 , 44 ], depending on the risk 
rofile ( general population versus disease cohorts ) , gender, age,
nd type of cardiovascular event ( coronary heart disease versus 
troke versus cardiovascular mortality ) . For example, arteriolar 
nd venular diameters did not predict cardiovascular mortality 
n hemodialysis patients whose all-cause mortality risk was 
ery high [ 44 ]. The incidence of CVD was higher in our cohort 
ompared to other cohorts that were recently utilized to develop 
nd validate cardiovascular risk prediction in CKD [ 17 ]. This 
as possibly because our study population was older and had 
ore severe kidney disease. In contrast, the observed 10-year 
ardiovascular risks were 10.5% and 15.5% in the Chronic Renal 
nsufficiency Cohort ( CRIC ) cohort ( mean age 55.8 ± 11.7 years,
GFR 56.0 ± 24.7 ml/min/1.73 m 

2 ) and the combined Atheroscle- 
osis Risk in Communities ( ARIC ) and Multi-Ethnic Study of 
therosclerosis ( MESA ) cohort mean age 67.2 ± 8.5 years, eGFR 
0.1 ± 24.3 ml/min/1.73 m 

2 ) , respectively [ 17 ]. Although there 
ay be concern that the addition of SIVA-DLS to established 
ardiovascular risk models moderately increased discrimina- 
ion for incident CVD and may not offer substantially greater 
rognostic information in populations with high baseline CVD 

isk, this study found that the predictive value of SIVA-DLS 
emained consistent in subgroups at greater risk of CVD, such 
s males, diabetes and lower eGFR < 45 ml/min/1/73 m 

2 . This 
oncurs with the postulation that retinal microvascular changes 
ay be more predictive of cardiovascular risk in CKD where mi- 
rovascular disease contributes significantly to CVD. Moreover,
or a condition like cardiovascular disease that is prevalent in 
KD, a risk predictor that accounts for even a modest proportion 
f risk may significantly impact public health services such as 
reventive care [ 45 ]. Given the greater NRIs when higher risk 
riteria were applied, the model incorporating kidney function 
nd retinal-DLS, compared to the established risk model, may 
etter identify individuals with very-high cardiovascular risk 
ho can derive the greatest benefit from interventions to reduce 
ardiovascular morbidity and mortality in CKD. Further research 
an examine the value and cost-effectiveness of applying the 
GFR- and retinal DLS-enhanced cardiovascular risk prediction 
odel in clinical algorithms or decision-making for strategies 
uch as aggressive risk factor control targeted at CKD with 
ntermediate 10-year incident cardiovascular risk, or potentially 
ore contentious and higher-stakes interventions such as 
igh-intensity lipid-lowering pharmacotherapy or prophylactic 
ntiplatelet therapy [ 7 ], and screening for occult CVD in CKD
ith high and very-high 10-year incident cardiovascular risk.
lthough cohort effect may be a potential confounder, the im- 
act is unlikely to be significant. The macroenvironment such 
s economy and policies were largely similar for the cohorts so 
hat healthcare access would not have differed significantly. The 
ocal and international recommendations for cardiovascular 
isk screening and primary prevention were also not dramati- 
ally different for the study periods. The multivariable models 
ere adjusted for ethnicity and therefore by cohort ( that were 
ased on ethnicity ) so that the study findings were independent 
f intrinsic differences between the cohorts. 
In conclusion, adding kidney function and retinal vessel 

alibre assessed by DLS to established cardiovascular risk 
actors may better predict incident CVD in Asians with CKD.
hile this study adds to the potential role of retinal vessel 

alibre in cardiovascular risk prediction in CKD, future work 
n external validation, including comparison with prediction 
ools that incorporate biomarker panels, and costs analysis will 
e required before the incorporation of the eGFR- and retinal 
LS-enhanced cardiovascular risk prediction model in clinical 
ractice to reduce incident CVD in CKD. 
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