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ABSTRACT
The substantial burden of heart disease promotes an interest in new ways of screening for early disease
diagnosis, especially by means of noninvasive imaging. Increasing evidence for association between retinal microvascular signs and heart disease prompted us to systematically investigate the relevant current literature on the subject. We scrutinized the current literature by searching PubMed and Embase databases
from 2000 to 2020 for clinical studies of the association between retinal microvascular signs and prevalent
or incident heart disease in humans. Following exclusions, we extracted the relevant data from 42 publications (comprising 14 prospective, 26 cross-sectional, and 2 retrospective studies). Our search yielded significant associations between retinal vascular changes, including diameter, tortuosity, and branching, and
various cardiac diseases, including acute coronary syndrome, coronary artery disease, heart failure, and
conduction abnormalities. The findings of our research suggest that the retinal microvasculature can provide essential data about concurrent cardiac disease status and predict future risk of cardiac-related events.
Ó 2020 Elsevier Inc. All rights reserved.  The American Journal of Medicine (2020) 000:1−12
KEYWORDS: Acute coronary syndrome; Coronary artery disease; Fundus photography; Heart failure; Retinal vascular diameter

INTRODUCTION
Heart diseases, despite major advances in their prevention,
diagnosis, and treatment over the past few decades, have
remained the leading cause of death in the United States
and worldwide.1,2 Although there is wide understanding of
the risk factors for heart diseases, this substantial disease
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burden continues to generate enduring interest in new ways
to enable early diagnosis and better risk stratification.
Since the use of coronary computed tomography (CT) was
first introduced into clinical practice at the beginning of this
century, the focus has been concentrated on noninvasive imaging methods for assessment of the coronary microcirculation.3
The conception of retinal vasculature as a mirror for coronary
circulation is not new and is based on several observations: 1)
the ophthalmic medium is translucent, allowing retinal vessels
to be viewed with relative ease; 2) retinal vessels are approximately the same size as the coronary microvasculature;
and 3) shown more than 80 years ago, signs of sclerosis in
the retinal microvasculature of patients who are hypertensive
reflect those seen in the coronary microcirculation.4,5 At the
same time, growing evidence for associations between retinal
microvascular signs and heart diseases has accumulated in the
peer-reviewed literature.
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The most frequently observed parameter in this research,
defined briefly, are fundus-color-photography-derived signs
and still at the center of attention, is retinal vascular diameter,
(fluorescein-angiography-, OCT-, and OCTA-derived signs
with multiple studies examining its relationship to heart and
are defined in the Supplementary Materials, available
other systemic diseases.6−9 However, evidence derived from
online):
other geometric retinal vascular signs, including vessel tortu(I) central retinal artery equivalent (CRAE) and cenosity, branching angles of vessels, and fractal dimensions, has
tral retinal vein equivalent (CRVE), measured as
been accruing along with the development of technologies,
the average of the diameter
both existing (fundus photography
of largest 6 arterioles and 6
and fluorescein angiography) and CLINICAL SIGNIFICANCE
venules, respectively;
new (such as optical coherence
(II)
arteriolar-to-venular
ratio
 Retinal microvascular signs are associtomography [OCT] and OCT angiog(AVR),
the
ratio
of
CRAE
to
raphy [OCTA]). The aim of the presated with cardiovascular diseases.
CRVE;
ent work is to systematically research
 In-depth literature review about such
(III) simple tortuosity, the ratio of
the topic of retinal microvasculature
associations is presented in this article.
actual path length to straightas a screening apparatus and as a
 Retinal imaging could be used as a
line length of a retinal vessel
prognostic tool for heart disease.
screening, diagnostic, and prognostic
segment; curvature tortuosity,
tool for cardiovascular diseases.
derived from the integral of the
 Retinal vascular diameter correlates
METHODS
curvature squared along the
with acute coronary syndrome incipath of the vessel, and normalSearch Strategy and Study
ized by the total path length;
dence, especially in women, and can
Selection
(IV) focal narrowing over a conpredict its occurrence.
We carried out a systematic search
stricted area of two thirds or
 Retinal vascular diameter is more
based on population, intervention,
less the widths of proximal
strongly related to acute coronary syncomparison, and outcome strategy.10
and distal vessel segments;
drome in midlife rather than in the
Our study population consisted of
(V) fractal dimension (Df) used to
elderly population.
patients with cardiovascular diseases,
quantify the branching archiincluding ischemic heart disease,
tecture of the retinal vasculaheart failure, and conduction abnorture using the box-counting
malities. For ophthalmic imaging, we
method;
included fundus color photography, fluorescein angiography,
(VI) optimality ratio, a measure of power loss in the blood
OCT and OCTA as the intervening modalities. We selected
flow in bifurcations related to endothelial dysfuncarticles describing patients with heart disease and articles that
tion; optimality deviation measures the extent to
compared patients with heart and non-heart disease to investiwhich the optimality ratio deviates from the theoretigate possible associations with retinal vascular signs.
cally predicted optimum; and
Searches were carried out in PubMed and Embase from
(VII) branching angle, the first angle subtended between 2
January 1, 2000, to January 1, 2020, using the combination
daughter vessels at each vascular bifurcation.
of search terms provided in the Supplementary Materials,
available online. The articles were searched and screened
by 2 independent reviewers. In the case of a disagreement,
RESULTS
the relevant article was discussed by the reviewers until
Our literature search yielded the following numbers and
they reached consensus. The electronic search was suppletypes of records. After excluding duplicates, we identified
mented by the authors’ personal files, by hand-searching
750 records with titles and abstracts that warranted initial
the bibliographies of papers selected from the electronic
review. We excluded 695 of them as ineligible, leaving 55
search and those of review articles.
full-text articles to be further assessed for eligibility. Of
Excluded from our research were articles discussing solely
those, 27 failed to meet our inclusion criteria and were
the findings of diabetic or hypertensive retinopathy. We also
excluded. The flow diagram (Figure 3), constructed accordexcluded animal studies, case reports, studies published only
ing to the Preferred Reporting Items for Systematic
as abstracts or presented in conferences without full subseReviews and Meta-Analyses (PRISMA), illustrates the
quent publication, studies with fewer than 10 patients, and
study selection.
review papers.
Following the addition of studies identified by cross
referencing, 42 studies (comprising 14 prospective cohorts,
Retinal Microvascular Signs
26 cross-sectional studies, and 2 retrospective studies) met
our eligibility criteria and were included in our research.
We aimed to observe a wide range of retinal vascular signs,
Presented next are our findings on associations between
derived from fundus color photography, fluorescein angiogretinal microvasculature and acute coronary syndrome and
raphy, OCT, and OCTA; Figures 1 and 2 illustrate some of
coronary artery disease. Additional findings on associations
the retinal vascular signs described herein. In the following,
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Figure 1 Increased retinal vascular tortuosity.
Reprinted with permission from Rousso L, Sowka
J. Recognizing Abnormal Vasculature. Review of
Optometry, Jan 15, 2017; https://www.reviewo
foptometry.com/article/recognizing-abnormalvasculature

with heart failure (Supplementary Table S2, available
online) and conduction abnormalities are described in the
Supplementary Materials, available online.

Retinal microvascular signs and acute coronary
syndrome
The 11 prospective studies seeking microvascular predictors of acute coronary syndrome were drawn from 8 different cohorts with follow-up periods ranging from 3.5 to
18 years (Table 1). Of those 11 studies, retinal vascular
diameter (including CRAE, CRVE, or AVR) had been measured and discussed in 10.
The Atherosclerosis Risk in Communities (ARIC), a
prospective, multicenter cohort study encompassing

3

10,000 patients, published 3 articles in 2002, 2008, and
2016 in which these cohort populations were followed
for 3.5, 8.8, and 16 years, respectively. These studies
showed, in women but not in men, that lower CRAE,
higher CRVE, and lower AVR were associated with incident acute coronary syndrome11−13 and that focal arteriolar narrowing and arteriovenous nicking were not
associated with incident acute coronary syndrome in
either gender.12 The gender discrepancy seen in these
cohorts was also observed in a few other studies.14−16
Regardless of the gender discrepancy described in these
studies, 2 other prospective studies and 1 cross-sectional
study showed that wider venular and narrower arteriolar
diameter in both genders were associated with higher
incidence of acute coronary syndrome.17−19
Some of the included prospective studies were characterized by homogeneous populations of specific patients.
Miller et al showed that in a type 1 diabetes mellitus population, narrower arteriolar diameter was associated with
acute coronary syndrome in women but not in men, yet venular diameter in this cohort was not associated with acute
coronary syndrome in either sex.15 In a prospective study of
a large population of patients with type 2 diabetic in the
Wisconsin Epidemiologic Study of Diabetic Retinopathy,
no association was found between CRAE or CRVE and
mortality related to acute coronary syndrome over 22 years
of follow-up.20 In a prospective study of a population of
patients with chronic renal insufficiency, Grunwald et al
found an association between acute coronary syndrome and
wider retinal veins but not arteries.21 The Lipid Research
Clinics Coronary Primary Prevention Trial population,
which included only men who were hypertensive, found
that generalized or focal arteriolar narrowing tripled the
risk of acute coronary syndrome and death related to acute
coronary syndrome following multivariate adjustment.
Arteriovenous nicking also tripled the risk, but only for

Figure 2 Examples of (A) narrowed retinal arterioles and (B) widened retinal
venules (indicated by black arrows).
Reprinted with permission from Cheung CY, Ikram MK. The clinical implications
of recent studies on the structure and function of the retinal microvasculature in diabetes. Diabetologia. 2015;58(5):871-885. doi:10.1007/s00125-015-3511-1
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Records idenﬁed through
database searching
(n = 755)

Records aer duplicates removed
(n = 750)

Arcles excluded aer tle
review
(n = 654)

Arcles assessed for
abstract eligibility
(n=96)

Records excluded aer
abstract review
(n = 41)

Full-text arcles assessed
for eligibility
(n = 55)

Full-text arcles excluded
(n =27)
Reasons for exclusion:
reviews: 5
Leer to editor: 2
irrelevant outcomes: 20

Included

(n = 28)

Studies included in the
review
(n = 42)

Addional studies
idenﬁed by cross
referencing
(n = 14)

Figure 3 PRISMA flow chart for study selection.
From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group. Preferred Reporting
Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med. 2009;6(7):
e1000097. doi:10.1371/journal.pmed1000097 For more information, visit www.prisma-state
ment.org.

stage 1 hypertension.22 Similar results were obtained in 1
cross-sectional study of patients with glaucoma.23
The predictive ability of Df to forecast death related to
acute coronary syndrome was examined only in 1 prospective study.23 Overall, patients with results in the lowest and
highest quartiles of Df were found to have more risk factors
for cardiovascular diseases. However, these quartiles
remained significantly associated with adverse outcome following multivariate adjustment for risk factors and for retinal vascular diameter. When stratified by age, the hazard
ratios were even higher in the <70-year-old age group.24
Age played a meaningful role in other studies as well. In
a population of patients ages 65 or older without diabetes,
no association was found between focal arteriolar narrowing, CRAE, or arteriovenous nicking and prevalent myocardial infarction.25 In a case-control study within the Beaver

Dam Eye Study cohort, Wong et al observed that focal narrowing, CRAE, and arteriovenous nicking were associated
with any death related to cardiovascular disease in the 43to 74-year age group but not in the 75-year and older age
group. However, although the outcome “any cardiovascular
disease death” in that study encompassed acute coronary
syndrome, it was also much wider than that but was not
stratified in the article.26
Some studies focused on other retinal vascular signs. In
1 such study, arteriovenous nicking and AVR did not differ
between patients with acute coronary syndrome and
patients with stable coronary artery disease, yet retinopathy
signs differed significantly between those 2 groups.27 Witt
et al examined optimality ratios and found a positive association between optimality deviation and death from ischemic
heart disease. Interestingly, these authors also found that

S/N

Author

Sample size

Demographics
Age (mean years)

Male gender (%)

Follow-up
period
(mean years)

Main results

In women, lower AVR
increased ACS incidence
(RR 1.5; CI 95% 1.1-2)
In women, narrower CRAE
increased ACS incidence
(by 1.31 per SD decrease
[CI 95% 1.10-1.56]
In women, narrower CRAE
(by 1.13 per 1 SD [CI
95% 1.03-1.24]) and
wider CRVE (by 1.1 per
1 SD [CI 95% 1-1.2])
increased ACS incidence.
In women, narrower CRAE
increased ACS-related
death incidence (by 1.9
per 1 SD decrease [CI
95% 1-3.5]
In women, narrower CRAE
increased ACS incidence
(RR 1.92; 95% CI 1.
24-2.96)
Narrower CRAE (RR 3, 95%
CI 1.6-5.7) and wider
CRVE (RR 2; 95% CI 1.
1-3.7) increased ACS
incidence
Narrower CRAE (RR 1.34,
95% CI 1.1-1.6) and
wider CRVE (RR 1.24;
95% CI 1.02-1.52)
increased ACS-related
death

ARIC Study

N = 9648

60

−

3.5

AVR

2

McGeechan (2008)20

ARIC Study

N = 9155

60

41.7

8.8

CRAE, CRVE, Focal
narrowing, AV nicking,
Retinopathy

3

Seidelmann (2016)21

ARIC Study

N = 10,470

60

−

16

CRAE, CRVE, AVR

4

Wang (2006)22

The Blue Mountains Eye
Study

N = 3340

64-67y

43.5

9

CRAE, CRVE, AVR

5

Miller (2009)23

Pittsburgh Epidemiology
of Diabetes Complications Study

N = 448

30.6 for ACS cases
24.3 for non-cases

50

18

CRAE, CRVE, AVR,
Retinopathy

6

Wong (2006)25

The Cardiovascular Health
Study

N = 1992

79

38-43

5

CRAE, CRVE, AVR, focal
narrowing, AV nicking,
retinopathy

7

Wang (2007)26

The Beaver Dam Eye Study,
The Blue Mountains Eye
Study

N = 7494

63

44.1

10.9

CRAE, CRVE
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Prospective studies
1
Wong (2002)19

Cohort

Allon et al

Table 1 Retinal Vascular Signs Obtained by Fundus Photography and Its Associations with ACS

5

6

Table 1 (Continued)
S/N

Author

Cohort

Sample size

Demographics
Age (mean years)

Male gender (%)

Follow-up
period
(mean years)

Narrower CRAE increased
ACS-related death incidence in univariate but
not in multivariate analysis (RR 1.21; 95% CI
0.98-1.51)
Wider CRVE showed a
trend toward incident
MI (RR 1.40; 95% CI
0.95-2.06)
Narrower CRAE or focal
narrowing increased ACS
incidence (RR 2.9; 95%
CI 1.3-6.2).
Suboptimal Df (highest
and lowest quartiles)
were associated with
ACS related death (RR
1.89; 95% CI 1.2-2.8).

8

Klein (2007)28

Wisconsin Epidemiologic
Study of Diabetic
Retinopathy

N = 962

64.5

45.2

4-10

CRAE, CRVE

9

Grunwald (2012)29

The Chronic Renal Insufficiency Cohort

N = 1820

60

54.7

−

CRVE, CRAE, Retinopathy

10

Duncan (2002)30

The Lipid Research Clinic’s
Coronary Primary Prevention Trial

N = 560

51.3 for cases
48.9 for non-cases

100

7.8

Retinopathy, CRAE, focal
narrowing

11

Liew (2010)32

The Blue Mountains Eye
Study

N = 3303

64-71y

39.7-46

14

Df

The Australian Heart Eye
Study

N = 915

59.9-65y

75.8

−

CRAE, CRVE

Cross-sectional studies
12
Liew (2019)24

13

Øhrn (2018)27

The Tromsø Study

N = 6128

62.7-69.7y

30-61

−

CRAE, CRVE

14

Lam (2006)31

−

N = 116

71

37.9

−

Focal narrowing

15

Wong (2003)33

The Cardiovascular Health
Study

N = 2050

77*

38.9

−

16

Kralev (2010)35

−

N = 62

63.4 for cases
65.4 for non-cases

67 in cases
74 in non-cases

−

Retinopathy, CRAE, focal
narrowing, arteriovenous nicking
Retinopathy, focal narrowing, AV nicking, AVR

In women, Narrower CRVE
was associated with
microvascular angina
(OR 3.5; 95%CI 1.39.24)
Unrecognized MI was
associated with narrower
CRAE compared to recognized MI (OR 1.66;
95% CI 1.0−2.62(
Focal narrowing was not
associated with ACS
Retinopathy was associated with ACS. (OR 1.7;
95%CI 1.1-2.8)
Retinopathy was more frequent in ACS compared
to CAD patients. (OR
11.7; 95% CI 1.4-96.5)
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observed

ACS = acute coronary syndrome; ARIC= Atherosclerosis Risk in Communities; AV = arteriovenous; AVR = arteriolar-to-venular ratio; CAD = coronary artery disease; CI = Confidence interval; CRAE = central retinal
artery equivalent; CRVE = central retinal venous equivalent; CVD = cardiovascular disease; Df = fractal dimension; MI =myocardial infraction; OR: odds ratio; RR = relative risk; SD = standard deviation.
*Median.
yRanges of means between different study groups.

AVR, Optimality deviation,
Simple tortuosity,
Curvature tortuosity
−
18

Witt (2006)36

The Beaver Dam Eye Study

N = 700

64

63

Retinopathy, focal narrowing, arteriovenous
nicking and CRAE were
associated with CVD
death (including ACS) in
43- to 75-age group.
Lower AVR, lower tortuosity and higher optimality deviation were
associated with ACS
related death.
Retinopathy, Focal narrowing, arteriovenous
(AV) nicking, CRAE, AVR
−
−
N = 1611
The Beaver Dam Eye Study
Retrospective studies
17
Wong (2002)34

Male gender (%)
Age (mean years)

50-53

Main results
Follow-up
period
(mean years)
Demographics
Sample size
Cohort
Author
S/N

Table 1 (Continued)
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7

lower arteriolar tortuosity (ie, straighter arterioles) was
associated with such death. Both effects persisted after
adjustment for age, gender, and other cardiovascular risk
factors.28
Among the 27 cross-sectional studies that were included
in our research were 3 that reported vascular findings
obtained by OCTA and by spectral domain OCT. Results
from these studies are summarized in Supplementary
Results, available online.

Retinal microvascular signs and coronary
artery disease
Retinal vascular diameter was examined in all 9 of the
studies in which retinal photographs had been used to
detect inconsistent results (Table 2). In most cases,
CRAE, CRVE and AVR were not associated with the
extent of coronary artery disease examined by different
evaluation methods (ie, Leamen score,29,30 syntax
score,16 coronary artery calcification,31 or coronary computed tomography angiography (CCTA).32 A few of
these studies, however, did find associations between
these entities: Gopinath et al found that in women, narrower CRAE or wider CRVE was significantly associated
with higher Gensini and Extent scores for coronary artery
disease, but these associations were not observed in
men.33 Wang et al showed that narrower CRAE was associated with lower hyperemic myocardial blood flow when
examined by cardiac magnetic resonance imaging (MRI)
but found that this association depended on the extent of
coronary calcification, existing in patients with no coronary plaque calcification but not in those with even minimal calcium scores.34 In a recent study in which the
intracoronary plaque composition was examined,35 larger
CRAE was found to be associated with a calcific plaque
and smaller CRAE with a lipid plaque. Noncalcified atherosclerotic plaques are often more metabolically active
than heavily calcified plaques and are associated with
increased risk of acute coronary syndromes,36 so that the
finding that calcific and lipid plaque groups differed significantly in their cardiovascular disease risk-factor rates
was a major limitation of the study. In a recent OCTA
study, lower retinal arterial lumen diameter, retinal arterial outer diameter, and AVR were all found to be associated with the extent of coronary artery disease in patients
presenting with acute coronary syndrome. The analysis,
however, was not adjusted for cardiovascular disease risk
factors.37
Wang et al observed that retinal vessel geometric measures such as Df, curvature tortuosity, and branching angle
lower arteriolar and venular curvature tortuosity (meaning
straighter retinal venules and arteries) were associated with
coronary artery disease Extent and Gensini scores. In a subgroup of patients who had undergone cataract surgery, it
was found that lower Df, arteriolar branching angle, and
CRAE were associated with coronary artery disease vessel
scores. In that study, a combined retinal score was

8

Table 2 Associations Between Retinal Vascular Signs and CAD
S/N Author

Cohort

Sample size

Retinal vascular signs obtained by fundus photography
The Australian Heart
N = 776
1
Liew (2019)24
Eye Study

Demographics

78

SYNTAX score

CRAE, CRVE

Leamen score, diseased CRAE, CRVE
vessel score, LAD
stenosis>70%
Leamen score, diseased CRAE, CRVE, focal
narrowing,
vessel score, LAD
arteriovenous
stenosis>70%, TIMI
nicking
myocardial perfusion
score

CRAE and CRVE were not
associated with syntax
score
CRAE and CRVE were not
associated with Leamen
score
CRAE and CRVE were not
associated with Leamen
score. Retinopathy was
associated with higher
Leamen score and TIMI
blush score
CRAE and CRVE were not
associated with CAC
scores.
Retinopathy (OR 1.4; 95%
CI 1.1-1.7) and AV
nicking were associated
with moderate to severe
CAC scores
AVR was not associated
with CAD (OR 1.5; 95% CI
0.5-1.5)
In women, narrower CRAE
and wider CRVE were
associated with higher
Gensini and Extent
scores. (OR 2.99; 95% CI
1.45-6.16)
Arrower CRAE was associated with lower myocardial blood flow
larger CRAE was associated
with a calcific plaque,
narrower CRAE with a
lipid plaque.

2

Kreis (2009)40

−

N = 98

64

−

3

Cheng (2018)41

−

N = 144

61

70

4

Wong (2007)42

Multi-Ethnic Study of
Atherosclerosis

N = 5971

59.6-70.2*

36.8-66.5

CAC

Retinopathy, CRAE,
CRVE, arteriovenous
nicking, focal
narrowing

5

Josef (2013)43

−

N = 51

53 for cases
51 for non-cases

85

CCTA

AVR

6

Gopinath (2014)44

N = 1120

−

74

Diseased vessel score,
Gensini score, Extent
score

CRAE, CRVE

7

Wang (2008)45

N = 212

−

56.6

Myocardial blood flow
using cardiac MRI

CRAE, CRVE

8

Wightman (2019)46 −

N = 28

62

79

Coronary plaque OCT,
Diseased vessel score

Retinopathy, CRAE,
CRVE

Multi-Ethnic Study of
Atherosclerosis
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Vascular parameters
observed

Main result

Age (mean years)

Coronary artery
Male gender (%) parameter observed

S/N Author
Wang (2018)

48

The Australian Heart
Eye Study

Sample size
N = 1187

Retinal vascular signs obtained by fluorescence angiography
10 Koç (2013)49
−
N = 60
Taha (2018)50

−

N = 105

Vascular parameters
observed

Main result

Age (mean years)

Coronary artery
Male gender (%) parameter observed

61

76

Diseased vessel score,
Gensini score, Extent
score

Df, curvature tortuosity, branching angle,
CRAE, CRVE

Lower curvature tortuosity
was associated with Gensini and Extent scores.
Lower Df, lower branching
angles and lower CRAE
were associated with
higher vessel scores

52.2 for cases
49.9 for non-cases

72.4-77.4

TIMI frame score

ART, AVP

49.5-53.5*

−

TIMI frame score

ART, AVP

TIMI score positively correlated with ART and AVP
time
Higher ART and AVP time
were associated with
higher TIMI scores

56.1-70.3

Angiography primary
and secondary
branch stenosis

Retinal arterial and
venular outer and
lumen diameter,
arterial and venous
wall thickness, AVR

Retinal vascular signs obtained by optical coherence tomography angiography
12 Xu (2019)39
−
N = 186
64.5 for cases 62.7 for
non-cases

13

Yang (2019)51

14

Wang (2019)52

−

N = 146

54.2

38.9

CAD on registry

Capillary flow density

N = 316

66.3 for cases
64.4 for non-cases

79.5-83.7

Gensini score

Capillary flow density

Lower AVR and retinal arterial lumen and outer
diameter were associated
with the extent of CAD in
patients presenting with
ACS
CAD was associated with
lower capillary flow density (OR -3.206; 95% CI
-5.766, -0.645)
Lower vascular density and
blood flow were found in
superficial, deep and choroid capillary layers in
CAD patients. Gensini
score was associated with
lower choroidal and retinal capillary flow density

ARTICLE IN PRESS

11

Demographics
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9

Cohort

Allon et al

Table 2 (Continued)

ART = arm-retina time; AV = arteriovenous; AVP = arteriovenous passage; AVR = arteriolar-to-venular ratio; CAC = coronary artery calcification; CAD = coronary artery disease; CCTA = coronary computed tomography angiography; CI = confidence interval; CRAE = central retinal artery equivalent; CRVE = central retinal venous equivalent; Df = fractal dimension; LAD = left anterior descending; OR = odds ratio.
*Ranges of means between different study groups.

9

10
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constructed from the variables that were the most strongly
correlated in the multivariate analysis, namely Df, arteriolar
curvature tortuosity, and retinal arteriolar diameter. In
patients with this combined score, the odds of having a stenosis greater than 50% in any coronary artery segment were
increased by 3-fold, as were the odds of having obstructive
coronary stenosis in all 3 main coronary arteries.38
Other means of retinal imaging, such as fluorescein angiography and OCTA, have also been explored, as presented
in the Supplementary Materials, available online.

DISCUSSION
A major finding of our systematic review was that vascular
diameter, and specifically narrower CRAE, wider CRVE,
and smaller AVR, correlate with the incidence of acute coronary syndrome, especially in women, and can predict its
occurrence. The gender discrepancy seen in our research has
been discussed in previous reviews7,8,39 and supports the
hypothesis that microvascular dysfunction plays a greater
role in the pathogenesis of coronary heart disease in women
than in men.40 This notion is clinically borne out in studies
showing that compared to men, women have higher rates of
acute coronary syndrome with atypical symptoms and higher
rates of microvascular angina with angiographic findings of
no significant coronary artery disease.16 Also, in women and
men with the same finding, the prognosis in women is
worse.40,41 As with gender, age stratification was also seen
here to be meaningful. We found a few studies showing that
retinal vascular signs, and particularly diameter, tend to be
more strongly related or to have any relationship at all with
acute coronary syndrome in the midlife rather than in the
elderly population. These findings are supported by findings
in a cohort published prior to the time frame of the present
research,42 as well as in later studies examining relationships
between age and other cardiovascular disease and risk factors, including blood pressure,43 impaired fasting glucose,44
incident diabetes,45 and stroke.46 Although there is no satisfactory explanation for this phenomenon as yet, it points to
the advisability of including retinal vascular signs when
screening for cardiovascular diseases in midlife age groups
and supports the use of age-group stratification in further
studies.
An interesting finding of our research was that measurements of retinal vascular diameter are not as strongly correlated with the presence and extent of coronary artery
disease measures obtained by different imaging methods
and classifications. On one hand, the fact that vascular
diameter is associated with acute coronary syndrome but
not with coronary artery disease is surprising, given that the
extent of coronary artery disease was consistently reported
in the literature over the years to be an independent predictor of acute coronary syndrome.47−49 On the other hand,
this apparent discrepancy coincides with the hypothesis that
retinal vascular diameter as a predictor of “acute coronary
syndrome events” lies in microvascular dysfunction rather
than macrovascular disease.
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Our research revealed associations between different
geometric retinal vascular signs and various cardiac
diseases:
1. Lower arterial tortuosity (straighter arteries) was found
to be associated with death related to acute coronary
syndrome and extent of coronary artery disease. Those
associations were evident following adjustments for cardiovascular disease risk factors such as older age, hypertension, and higher body mass index, which were also
found in prior studies to be associated with lower tortuosity.50 A few possible explanations of these connections have been offered: Witt et al suggested that
reduced tortuosity may be linked to endothelial dysfunction and impaired oxygenation,28 while Vorobtsova et al
suggested that reduced tortuosity increases coronary
wall shear stress, thereby providing protection against
atherosclerosis.51
2. Deviation from the bifurcation optimality ratio was
found to be positively associated with death related to
acute coronary syndrome. Lower branching angle was
found to be associated with the prevalence of coronary
artery disease. Associations of branching angle with
aging,52 with peripheral vascular disease,53 and with
severity of diabetic retinopathy54 have been reported in
the literature, and could be indicators of endothelial
function.55
3. Df was reported to have a U-shaped association with
both the occurrence of death related to acute coronary
syndrome and the prevalence of atrial fibrillation, and a
reduced Df was also shown to be associated with the
prevalence of coronary artery disease. This U-shaped
relationship was depicted by Sng et al to also coexist
with the prevalence of chronic kidney disease.56 It could
also explain the inconsistent results in which both low
Df and high Df were found to be associated with
stroke57−61 and with diabetic retinopathy.62−64 Liew
et al offered an explanation of the U-shaped relationship
by suggesting that on the one hand rarefaction of the
microcirculation could prevent the formation of collaterals and, thus, predispose the patient to ischemia, while
on the other hand a vast microcirculatory architecture
could also be a marker of ischemia.24
Most of the original articles and reviews published on
the subject of relations between retinal vascular signs and
heart disease over the past 2 decades have focused on vascular diameter.6,9,65 However, as with vascular diameter,
most of the vascular signs mentioned previously were
extracted from simple fundus photography and suggest that
microvascular health is maintained both by adequate vascular diameters and by optimal branching architecture. At this
stage the added value of these signs over vascular diameter
is unclear because in most of the relevant articles the results
were not adjusted for vascular diameter, which could have
pinpointed its contribution, as seen in the study by Liew
et al.24 Another important step for further studies, as also
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seen in that study,23 could be to design and use models with
a few retinal vascular signs, which could raise prediction
levels and exclude overlapping signs.
Variance was observed in the statistical analyses
employed in the different studies. Some studies did not use
multivariate or multilinear analysis (Supplementary Table
S1, available online). Arguably, lack of adjustments for cardiovascular disease risk factors may jeopardize the conclusions of a study because cardiac diseases are multifactorial.
A few studies with homogeneous populations suggested
that cardiovascular diseases may affect the predictive pattern of the retinal microvascular signs,20−23 emphasizing
the importance of adjustment for cardiovascular disease
factors. This review also shows that stratification of results
for gender is critical, given the likelihood of pathophysiological differences existing between genders.
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19. Øhrn AM, Schirmer H, von Hanno T, et al. Small and large vessel disease
in persons with unrecognized compared to recognized myocardial infarction: The TromsøStudy 2007-2008. Int J Cardiol 2018;253:14–9.
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and microvascular and macrovascular disease in type 2 diabetes:
XXI: the Wisconsin Epidemiologic Study of Diabetic Retinopathy.
Ophthalmology 2007;114(10):1884–92. https://doi.org/10.1016/j.
ophtha.2007.02.023.
21. Grunwald JE, Ying G-S, Maguire M, et al. Association between retinopathy and cardiovascular disease in patients with chronic kidney
disease (from the Chronic Renal Insufficiency Cohort [CRIC] Study).
Am J Cardiol 2012;110(2):246–53.
22. Duncan BB, Wong TY, Tyroler HA, Davis CE, Fuchs FD. Hypertensive retinopathy and incident coronary heart disease in high risk men.
Br J Ophthalmol 2002;86(9):1002–6.
23. Lam A, Bunya VY, PiltzSeymour JR. Cardiovascular risk factors
and events in glaucoma patients with peripapillary focal arteriolar narrowing. Acta Ophthalmol Scand 2006;84(1):69–73.
24. Liew G, Mitchell P, Rochtchina E, et al. Fractal analysis of retinal
microvasculature and coronary heart disease mortality. Eur Heart J
2010;32(4):422–9.
25. Wong TY, Klein R, Sharrett AR, et al. The prevalence and risk factors
of retinal microvascular abnormalities in older persons: The Cardiovascular Health Study. Ophthalmology 2003;110(4):658–66. https://
doi.org/10.1016/S0161-6420(02)01931-0.
26. Wong TY, Klein R, Nieto FJ, et al. Retinal microvascular abnormalities and 10-year cardiovascular mortality: a population-based casecontrol study. Ophthalmology 2003;110(5):933–40.
27. Kralev S, Zimmerer E, Buchholz P, et al. Microvascular retinal
changes in patients presenting with acute coronary syndromes. Microvasc Res 2010;79(2):150–3.
28. Witt N, Wong TY, Hughes AD, et al. Abnormalities of retinal microvascular structure and risk of mortality from ischemic heart disease
and stroke. Hypertension 2006;47(5):975–81.
29. Kreis AJ, Nguyen TT, Wang JJ, et al. Are retinal microvascular caliber changes associated with severity of coronary artery disease in
symptomatic cardiac patients? Microcirculation 2009;16(2):177–81.

CONCLUSION AND FURTHER STUDY
In conclusion, the findings of our research demonstrate
that retinal vascular signs differ in their associations with
heart diseases. Retinal vascular diameter was found to
correlate with acute coronary syndrome events and predict them, especially in women, but it was not strongly
associated with macrovascular coronary artery disease.
Further work should focus, by means of coronary angiography
or other noninvasive imaging modalities, on the connection
between retinal vascular findings and microvascular coronary
function.
Finally, our research findings suggest that more accurate models should be designed and used for specific
patient populations. Further studies in this area should
adopt methodological principles of using multilinear
adjustment models for cardiovascular disease risk factors
and different retinal vascular signs and their stratification
by gender and age.
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SEARCH STRATEGY AND STUDY SELECTION
Searches were carried out in PubMed and Embase from
January 1, 2000 to January 1, 2020, using the following
combination of search terms:
PUBMED (767)
((((((((((((“myocardial ischemia”) OR myocardial ischemia) OR myocardial ischemia[MeSH Terms])) OR ((ischemic heart disease) OR ischemic heart disease[Title/
Abstract])) OR (((acute coronary syndrome) OR acute coronary syndrome[Title/Abstract]) OR "acute coronary syndrome"[MeSH Terms])) OR (((((coronary atherosclerosis) OR
"atherosclerosis"[MeSH Terms]) OR "coronary disease")
OR "coronary artery disease"[MeSH Terms]) OR "coronary
artery disease")) OR (((((((("heart failure") OR "heart failure"[MeSH Terms]) OR ventricular remodeling) OR "ventricular remodeling"[MeSH Terms]) OR heart valve
diseases) OR heart valve diseases [MeSH Terms]) OR cardiomyopathies) OR cardiomyopathies[MeSH Terms])) OR
(("Cardiac arrhythmias") OR Cardiac arrhythmias[MeSH
Terms]))) AND ((((((retinal vessels[MeSH Terms]) OR
"retinal vessels") OR retinal vessels[Title/Abstract]) OR
retinal vessels OR retinal vascular diameter OR retinal vascular diameter OR retinal vascular tortuosity OR retinal
arteriovenous nicking OR retina/arteriovenous ratio)) OR
((retina[MeSH Terms]) OR retinal signs))) AND ("2000/
01/01"[PDAT]: "2020/01/01"[PDAT])) NOT (((((((rats)
OR mouse) OR mice) OR piglet) OR animals)) AND
(((((Diabetic retinopathy) OR "Diabetic retinopathy") OR
"Diabetic retinopathy"[Title/Abstract]) OR hypertensive
retinopathy) OR "hypertensive retinopathy") OR "hypertensive retinopathy"[Title/Abstract] AND (((((((((((((((((((((((
(((((((((((((case reports[Publication Type]) OR classical
article[Publication Type]) OR clinical conference[Publication Type]) OR clinical study[Publication Type]) OR clinical trial[Publication Type]) OR Clinical Trial, Phase I
[Publication Type]) OR Clinical Trial, Phase II[Publication
Type]) OR Clinical Trial, Phase III[Publication Type]) OR
Clinical Trial, Phase IV[Publication Type]) OR Comparative Study[Publication Type]) OR Consensus Development
Conference[Publication Type]) OR Consensus Development Conference, NIH[Publication Type]) OR Controlled
Clinical Trial[Publication Type]) OR Dataset[Publication
Type]) OR English Abstract[Publication Type]) OR Evaluation Study[Publication Type]) OR Journal Article[Publication Type]) OR Guideline[Publication Type]) OR
Historical Article[Publication Type]) OR Introductory Journal Article[Publication Type]) OR Meta-Analysis[Publication Type]) OR Multicenter Study[Publication Type]) OR
News[Publication Type]) OR Newspaper Article[Publication Type]) OR Observational Study[Publication Type])
OR Practice Guideline[Publication Type]) OR Pragmatic
Clinical Trial[Publication Type]) OR Randomized Controlled Trial[Publication Type]) OR Research Support,
N I H, Extramural[Publication Type]) OR Review[Publication Type]) OR Scientific Integrity Review[Publication
Type]) OR Technical Report[Publication Type]) OR Twin
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Study[Publication Type]) OR Validation Study[Publication
Type]) OR Video-Audio Media[Publication Type]) OR
Webcast[Publication Type]))
Embase (361)
(’retina’/exp OR ’retinal vascular disease’/kw OR ’retinal
vascular caliber’/kw OR ’retinal vascular tortuosity’/kw
OR ’retina blood vessel’/kw) AND (’ischemic heart disease’/kw OR ’acute coronary syndrome’/kw OR ’heart failure’/kw OR ’coronary artery disease’/kw OR ’heart
arrythmia’/kw OR ’heart disease’/exp) AND [2000-2020]/
py AND [english]/lim AND [article]/lim

SUPPLEMENTARY METHODS
Retinal Microvascular Signs
(a) Fluorescein angiography-derived signs:
(I) arm-retina time, the time between administration of
an opaque substance into the vein and its visibility
in the retinal arteries;
(II) arteriovenous passage time, the time between the
entrance of the opaque substance to the edge of the
optic disc or the retinal artery from a distance of 2
optic discs and the appearance of the opaque substance in the vein at the same point.
(b) OCTA-derived signs:
(I) capillary flow density/capillary perfusion density,
the area, expressed as the percentage occupied by
the [area of the] vasculature for each of the following layers: retinal superficial capillary plexus, retinal deep capillary plexus, and choriocapillary layer.
(II) capillary vessel density, the total length of perfused
vasculature per unit area in the region of measurement.

Cardiac Imaging Studies for Evaluation of
Coronary Artery Disease
The use of noninvasive imaging methods to depict the
extent of coronary artery disease has become more popular
over the years. Among the various available techniques, the
two most commonly used are coronary computed tomography angiography (CCTA) and cardiac magnetic resonance
imaging (MRI). Both have high negative predictive
value in ruling out coronary artery disease, but are also useful in predicting clinical outcomes based on the extent of
coronary atherosclerosis and on individual plaque
characteristics.1
Another useful measurement is myocardial blood flow.
Commonly calculated by cardiac MRI or single-photon
emission computed tomography (SPECT), an isotopic
marker is injected and its subsequent] perfusion during
adenosine injection or cycle ergometry is compared with
resting or normal mean values.2

12.e2

ARTICLE IN PRESS

A novel possibility is the use of intraluminal OCT,
which allows direct visualization of coronary artery plaque
during angiography.3 OCT provides a detailed assessment
of such plaque, including type (fibrotic, cholesterol, or calcific), thickness, length and arc angle.

Classifications of Coronary Artery Diseases
Coronary angiography is the gold standard for the diagnosis
of coronary artery disease, and various classifications are
used to depict its results.4,5 The 5 classifications we used in
our research were:
(I) The Gensini score, which scores narrowing of the
lumen at the segmented progressively narrowing steps
of 25%, 50%, 75%, 90%, 99%, and 100%. The score
is then multiplied by a factor representing the relative
amount of myocardium supplied by each segment.
(II) The Leaman score, which scores the narrowing of the
lumen at each step of 70%, 90% 99%, and 100% narrowing. The score is then multiplied by the left ventricle (LV) weighing factor, which represents the
vascular flow to the left ventricle (LV).
(III) The Extent score, which defines the proportion of the
coronary arterial tree affected by angiographically
detectable coronary atheroma. A formula is then used
to calculate the proportion of the coronary artery intimal surface area] containing atheroma.28
(IV) The thrombolysis in myocardial infarction (TIMI) frame
count, which uses an electronic frame counter. The TIMI
frame count is defined as the number of cine-frames
required for contrast to reach a standardized distal coronary landmark. Expression of the number is based on its
relation to a normal cinefilming rate of 30 frames per second. a delay in the progression of the contrast injected
into the coronary arteries is described as The coronary
slow flow phenomenon.7
(V) Coronary artery calcification is measured by a coronary CT calcium scan and then calculated to obtain a
coronary artery calcification score, which represents
evidence of subclinical coronary artery disease and
independently predicts future coronary events.8

SUPPLEMENTARY RESULTS
Retinal Microvascular Signs and Acute Coronary
Syndrome
Research demographics. Out of the final total of 42 eligible studies, we chose 21 to test the association between retinal microvascular signs and acute coronary syndrome. Of
these studies, 11 were prospective, 8 were cross-sectional,
and 2 were retrospective. Retinal photographs with highresolution digitized scanners had been used in 18 of those
21 studies (Table 1). Sample sizes ranged from 62 to
10,470, mean ages ranged from 60 to 79, and the proportion
of male patients ranged from 37.9% to 100%. The parameter that had been most frequently examined in those studies
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for its association with acute coronary syndrome had been
retinal vascular diameter.
Association with acute coronary syndrome. Kromer et al.
found that CRAE, CRVE, AVR and acute coronary syndrome
were not associated in patients who had experienced a myocardial infarction before the age of 50 or in age- and sex-matched
healthy patients.1 The EYE-MI OCTA Pilot study showed
lower vascular and perfusion densities of the superficial capillary plexus in a group of patients presenting with acute coronary syndrome than in healthy patients. However, this
association was not adjusted for cardiovascular disease risk
factors, which were also found to be significantly associated
with lower vascular density, making it difficult to isolate the
relevant parameters needed for drawing conclusions 31. In a
recent study, spectral domain OCT showed that retinal arterial
lumen diameter, retinal arterial outer diameter, and AVR were
all lower in acute coronary syndrome patients presenting with
both macrovascular and microvascular findings on angiography than in healthy controls.3

Retinal microvascular signs and coronary artery
disease
Research demographics. A total of 14 cross-sectional
studies were included in our research. Of these, retinal photographs with high-resolution digitized scanners had been
used in 9, fluorescein angiography in 3, and OCTA in 3
(Table 2). Sample sizes ranged from 28 to 15,971, mean age
from 49.5 to 70.2, and male proportion from 36.8% to 85%.
Retinal microvascular signs and coronary artery disease. TaggedPIn 2 studies fluorescein angiography was used to find positive
correlations between armretina time, arteriovenous passage
time, and angiography based Thrombolysis in Myocardial
Infarction (TIMI) frame count.32,11 In recent studies examining a possible correlation of OCTA with coronary artery disease, it was found that lower capillary vascular and flow
densities in the different retinal layers were associated with
coronary artery disease.12,33

Retinal microvascular signs and heart failure
Research demographics. A total of 10 studies, 2 of them
prospective and 8 cross-sectional, were included in this section. Of the 10 studies, 9 used retinal photographs with
high-resolution digitized scanners (Supplementary Table
S2). The included studies were drawn from 3 cohorts: sample sizes ranged from 60 to 11,612; mean ages from 57 to
62.5, and male proportions from 35% to 75.5%. Retinal
vascular diameter was the parameter most frequently examined for associations with acute coronary syndrome.
Retinal microvascular signs and heart failure. The two
prospective studies included in this section were aimed at
finding microvascular predictors of heart failure related
hospitalizations or death based on the cohort of the Atherosclerosis Risk in Communities Study. After a mean follow
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Supplementary Table S1 Risk Factors Used for Data Adjustment
Author

Risk factors used for adjusted data
11

1

Wong (2002)

2

McGeechan (2008)12

3
4

Seidelmann (2016)13
Wang (2006)14

5

Miller (2009)15

6

Liew (2019)16

7

Wong (2006)17

8

Wang (2007)18

9

Øhrn (2018)19

10

Klein (2007)20

11

Grunwald (2012)21

12

Duncan (2002)22

13
14

Lam (2006)23
Liew (2010)24

15
16

Wong (2003)25
Wong (2002)26

17

Kralev (2010)27

18
19
20
21
22
23
24

Witt (2006)28
Kromer (2018)1
Arnould (2018)2
Xu (2019)3
Kreis (2009)4
Cheng (2018)5
Wong (2007)6

25

Josef (2013)7

26

Gopinath (2014)8

27

Wang (2008)9

28
29
30

Wightman (2019)35
Wang (2018)34
Koç (2013)10

Age, race, 6-year mean arterial blood pressure, diabetes, waist-hip ratio, sports index, total cholesterol, high
density lipoprotein cholesterol, cigarette smoking, alcohol consumption, anti-hypertensive medication use.
Race and Framingham variables (age, systolic blood pressure, total cholesterol, smoking status and HDL) and
retinal venular caliber for models for arteriolar caliber (and vice versa).
Age, race, Systolic Blood Pressure, cigarette use, Total Cholesterol, HDL, DM, and hypertension medication.
Age, systolic blood pressure, diabetes, smoking, venule-adjusted arteriolar caliber or arteriole-adjusted venular caliber.
HDL-C, LDL-C, pulse rate, BMI, waist-hip ratio, white blood cell count, serum albumin, fibrinogen, severity of
retinopathy, and albumin
excretion rate, with systolic and diastolic blood pressure, blood pressure medication use
Age, ethnicity, mean arterial pressure, diabetes, current smoking, body mass index, fellow eye vessel caliber,
hypertension, stroke.
Arteriolar caliber, venular caliber, age, gender, race, field center, systolic and diastolic blood pressure, diabetes status, glucose concentration, cigarette smoking status, pack-years of smoking, low-density-lipoprotein
and high-density-lipoprotein cholesterol levels, body mass index, C-reactive protein level, internal carotid
artery intima-media thickness.
Age, gender, body mass index, hypertension, diabetes, serum total cholesterol, high density lipoprotein cholesterol, white blood cell count, and current smoking status, history of angina or acute myocardial infarct
Age, gender, diabetes, hypertension, total serum cholesterol, use of cholesterol
lowering drugs and current daily smoking.
Age, gender, duration, glycosylated hemoglobin, systolic blood pressure, proteinuria, cardiovascular disease
history, pack-years, diuretic use
Age, gender, LDL, HDL, systolic blood pressure, smoking Status, diabetes, HYPERTENSION,
Hemoglobin A1C, Triglycerides, eGFR, and log of 24H Urine Protein
Age, systolic and diastolic blood pressure, creatinine levels, and left ventricular hypertrophy score at baseline, total cholesterol, LDL-cholesterol, HDL-cholesterol, cholesterol treatment status, current or ex-smoking status, and fasting glucose levels at baseline.
N/A
Age, gender, body mass index, mean arterial blood pressure, smoking history, diabetes, history of CHD, white
cell count, plasma fibrinogen, triglycerides, and HDL.
Age and race
Age, gender, income, history of cardiovascular disease, systolic blood pressure, antihypertensive medication
use, diabetes, glycosylated hemoglobin, body mass index, cigarette smoking, and total and HDL cholesterol.
Age, gender, smoking, hypercholesterolemia, hypertension, obesity, family history of CAD, diabetes mellitus,
prior myocardial infarction, previous angioplasty, previous bypass surgery, retinal microaneurysms and
vasoconstriction.
Age, gender, SBP, cholesterol, smoking status, antihypertensive therapy, HDL cholesterol, BMI, income.
N/A
N/A
N/A
N/A
Age, gender, hypertension, diabetes, dyslipidemia, eGFR, diabetic retinopathy
Age, gender, race/ethnicity, and study center, systolic blood pressure, antihypertensive medication, diabetes,
serum glucose level, body mass index, total and high-density lipoprotein
cholesterol level, triglyceride level, C-reactive protein level, current cigarette smoking, and pack-years of
smoking, common carotid artery intima-media thickness, arteriolar caliber included additional adjustment
for venular caliber and vice versa.
Age, gender, smoking habits, metabolic syndrome, diabetes, BMI, and levels of ALT, HDL and LDL-cholesterol,
triglycerides, and fasting glucose.
Age, ethnicity, vessel caliber in the fellow eye, mean arterial blood
pressure, body mass index, and presence of type 2 diabetes.
Age, gender, and race/ethnicity, current smoking, hypertension, diabetes, systolic blood pressure, fasting
blood glucose, low-density lipoprotein cholesterol, HDL cholesterol, and body mass index
N/A
Age, gender, ethnicity, diabetes, BMI, systolic BP.
Age, gender, hypertension, unstable angina, hemoglobin, low density lipoprotein, high density lipoprotein,
smoking status.
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Supplementary Table S1 (Continued)
Author

Risk factors used for adjusted data
11

31
32

Taha (2018)
Yang (2019)12

33
34

Wang (2019)13
Chandra (2019)14

35

Wong (2005)15

36

Tikellis (2008)16

37
38

Meazza (2014)17
Cheung (2007)18

39

Chyou (2018)19

40
41
42

Phan (2015)20
Gopinath (2018)21
Chacko (2015)22

N/A
Age, gender, severity of diabetic retinopathy, dyslipidemia, coronary artery disease, hypertension, eGFR,
hemoglobin A1c.
N/A
Age, gender, race, body mass index, diabetes, use of anti-hypertensive medications, systolic blood pressure,
current smoking, and current alcohol use.
Age, gender, race, field center, educational levels, prevalent coronary heart disease, 6-year mean arterial
blood pressure, use of antihypertensive medication, diabetes, glucose level, low-density lipoprotein cholesterol level, cigarette smoking, and body mass index.
Age, gender, cardiovascular risk factors (serum total cholesterol, fasting glucose, diabetes, diabetes duration,
smoking (never, former, current), BMI, waist-to-hip ratio, and exercise level) and hypertension-related factors (mean arterial blood pressure, antihypertensive medications use).
N/A
Age, gender, race (except race-stratified analysis), study center, pulse pressure,
use of antihypertensive medications (except for hypertension-stratified analyses), diabetes, diabetes duration and glycosylated hemoglobin (except for diabetes-stratified analyses), body mass index, total and
high-density lipoprotein cholesterol, triglycerides, cigarette smoking status, and C-reactive protein.
Age, gender, race/ethnicity, education, height, weight, and
waist circumference, alcohol consumption, smoking (status and pack years), total cholesterol, HDL, hypertension, lipid-lowering medication, diabetes, hemoglobin A1c, and serum creatinine.
Age, gender, body mass index (BMI), hypertension, diabetes mellitus, eGFR and smoking status.
Age, gender, ethnicity, systolic blood pressure, body mass index, and presence of type 2 diabetes.
Age, gender, race, education, income, smoking, HDL and total cholesterol, hypertension status including
hypertension medication use and diabetes status, C-reactive protein, peripheral artery disease, estimated
glomerular filtration rate, anti-arrhythmic drug use, any major ECG abnormalities including left ventricular
hypertrophy, baseline retinal venular caliber and baseline PR duration, incident cardiovascular disease.

Papers 1-18, 28,29 were cited from the manuscript; papers 19-27, 30-42 were cited from supplementary materials

up of 16 years, Chandra et al. reported that wider CRVE,
narrower CRAE, and smaller AVR all adjusted for age,
gender, and race, were significantly associated with incident
heart failure. After further adjustment for clinical risk factors, however, only wider CRVE remained significant.14 In
the second prospective study, after a mean follow up period
of 6.2 years, retinopathy, arteriovenous nicking and CRAE
were found to be significantly associated with incident heart
failure. However, Following further adjustment for clinical
risk factors, only retinopathy remained significantly associated, while other signs showed only a trend.15
While the prospective cohorts mentioned in this section
suggest only limited evidence for predictive ability of the
vascular diameter for incident heart failure, stronger relationships between cardiac structural findings and heart failure were found in asymptomatic patients. In those patients,
narrower CRAE was associated with left ventricular hypertrophy (LVH)14,16,17 and with lower left ventricular (LV)
diastolic and systolic functions including higher end-diastolic volume14 and mass-to-volume ratio.18 Wider CRVE
was also associated with left ventricular hypertrophy
(LVH) and lower ejection fraction.14
In one study, in which cardiac MRI was used to observe the
right ventricle, and after adjusting for risk factors and left ventricular (LV) function, an association was found between
wider CRVE and larger right ventricular end-diastolic mass
and volume in women, Interestingly, wider CRVE was not
associated with these variables in men, where it even showed

inverse associations with right ventricular end-diastolic volume. The study’s author suggested that in women, wider
CRVE may reflect a general susceptibility to microvascular
disease, as mentioned in the different chapters of our research.
these changes may occur in the pulmonary veins and may
therefore impose increased afterload on the right ventricle, as
seen in the study’s results. In the same study, narrower CRAE
was associated with lower right ventricular end-diastolic mass
and volume in both men and women.19
The Australian Heart Eye Study is a cross-sectional study
in which the association of retinal microvascular structure
with heart failure was examined on the basis of self-reported
heart failure via questionnaires. Interestingly, retinal arteriolar widening, but not narrowing, was associated with prevalent heart failure. No association was found between
venular diameter and heart failure.20 This examination was
later broadened for other retinal vascular parameters including Df, vascular tortuosity, and branching angle, none of
which was found to be associated with heart failure.21
In the OCTA-based EYE-MI Pilot Study described in
previous chapters, echocardiography indicated an association between lower vascular density and lower left ventricular (LV) ejection fraction31. However, the bias mentioned
previously in that study was repeated, as only a bivariate
analysis was used. The authors did not adjust the regression
results for cardiovascular disease risk factors which were
also found in the course of our research to be associated
with lower vascular density.

S/N Author

Cohort

2

Wong
Atherosclerosis Risk in
(2005)15
Communities (ARIC)
Study

Cardiac parameters
Age (mean years) Male gender (%) observed

N=10,692

60

35-52

Incident HF described as CRAE, CRVE, AVR
HF hospitalizations or
death

N=11,612

60

44-56

Incident HF described as Retinopathy, arteriovenous nicking,
HF hospitalizations or
focal arteriolar narrowdeath
ing, CRAE

N=10,692

60

35-52

Structural and functional characteristics
obtained by
echocardiography
Echocardiography LV
measures

6

Tikellis
The Atherosclerosis
(2008)16
Risk in Communities
(ARIC) Study

N=1,439

57

36-38

7

Meazza
(2014)17

N=60

60.9

58.3

4

Cheung
The Multi-Ethnic Study
(2007)18
of Atherosclerosis
(MESA)

N=4,593

-

-

5

Chyou
The Multi-Ethnic Study
(2018)19
of Atherosclerosis
(MESA)

N=3,630

62.5

48

8

Phan
The Australian Heart
(2015)20
Eye Study (AHES)
Gopinath The Australian Heart
(2018)21
Eye Study

N=1,315

61.2-65.3**

70-75.5

N=1,315

61.2-65.3**

70-75.5

9

Retinal vascular
parameters observed

CRAE, CRVE

Main result

Following a mean follow-up period of 16
years, Narrower CRAE and wider CRVE
were associated with incident HF by
0.92 [CI 95% 0.87-0.97] and by (1.15
[CI 95% 1.09–1.20]), respectively per
1 standard deviation
Following a mean follow up period of
6.2 years, retinopathy was associated
with incident HF. (RR 1.96 [CI 95%
[1.51-2.54]
Narrower CRAE and wider CRVE were
associated with LVH and worse diastolic and systolic function

CRAE and focal narrowing were associated with LVH (OR 1.35 [95% CI 1.02–
1.78], 1.66 [95% CI 1.16–2.38],
respectively)
Echocardiography LV
CRAE, CRVE, AVR
Lower CRAE and AVR were associated
measures
with Left ventricular hypertrophy and
remodeling
CRAE, CRVE, Retinopathy Narrower CRAE and retinopathy were
LV mass index,
associated with LV mass-to-volume
volume index, and massratio (OR 2.06, [95% CI 1.57 to 2.70],
to-volume ratio by carOR 1.31 [95% CI 1.08–1.61],
diac MRI
respectively)
In women, wider CRVE was associated
RV end-diastolic volume CRAE, CRVE
with larger RV end diastolic volume
and mass, end-systolic
and mass. In both genders, narrower
volume, stroke volume,
CRAE was associated with lower RV
ejection fraction by
end diastolic volume and mass
cardiac MRI
HF prevalence by
CRAE, CRVE
Wider CRAE was associated with prevaquestionnaire
lent HF
HF prevalence by
Df, curvature tortuosity None of the vascular geometric parameters were associated with prevalent HF
questionnaire
and
branching angle
Focal narrowing, AV
nicking, retinopathy,
CRAE, CRVE

12.e5

**ranges of means between different study groups.
Abbreviations: OR: Odds ratio, CI: Confidence interval; AVR: Arteriolar-venular ratio, CRAE: Central retinal artery equivalent, CRVE: Central retinal venous equivalent;; Df: Fractal dimension; AV: Arteriovenous; HF: Heart failure; LV: Left ventricle; LVH: Left ventricular hypertrophy; MRI: Magnetic resonance imaging; RR: Relative risk
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Cross-sectional studies
3
Chandra
Atherosclerosis Risk in
(2019)14
Communities (ARIC)
Study

Demographics

Retinal Microvascular Signs in Cardiac Diseases

Prospective studies
Atherosclerosis Risk in
1
Chandra
Communities (ARIC)
(2019)14
Study

Sample size

Allon et al

Table S2 Retinal Vascular Signs Obtained by Fundus Photography and Its Associations with HF
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Retinal Microvascular Signs and Conduction
Abnormalities
Of the 3 studies included in this section, 2 were prospective
and 1 was a cross-sectional study.
Chacko et al. looked for new atrioventricular conduction
abnormalities by scrutinizing a cohort of patients who had
participated in the Multi-Ethnic Study of Atherosclerosis,
undergoing baseline fundus photography and electrocardiography, with a follow-up ECG a few years later. After a
mean follow-up of 7.7 years, those authors found a significant association of narrower CRAE, but not of retinopathy,
with any degree of arteriovenous block.22
In a prospective study of patients with chronic kidney disease, no association was found between retinopathy or retinal
vascular diameter and atrial fibrillation or arrhythmia. That
study, however, had some important limitations. Firstly, it
specified that follow-up examinations were performed every
6 months, but did not indicate the length of the total followup period. Second, arrhythmia was not defined, and finally,
the specific population and patient self-reported nature of outcome in this work are also a major limitation.34
In the Australian Heart Eye Study, a significant relationship was observed between the second Df tertile (but not
the first or the third tertile) and the prevalence of atrial
fibrillation. The odds of having atrial fibrillation were
higher below a Df threshold of 1.472. However, the prevalence of atrial fibrillation was not related to vascular tortuosity or to branching angle.21

SUPPLEMENTARY DISCUSSION
OCTA is a relatively new technology that enables depth
visualization of the retinal and choroidal capillary networks
to study its vascular density and blood flow. This innovative
diagnostic tool facilitates calculation of these signs in the
superficial, deep, outer, and chorioicapillary layers. The
studies on the use of this tool that are included in our
research showed associations of lower vascular and perfusion density with acute coronary syndrome, coronary artery
disease and lower left ventricular (LV) ejection fraction,
with the caveat that some of those studies failed to adjust
the results for cardiovascular disease risk factors. Their
results seem promising, however, as the inner vessel density
and flow could provide a more accurate prognostic and
screening evaluation, and have already been shown to correlate with the REACH and GRACE scores for predicting
acute coronary events.31 Vessel histology can also be examined by OCT, as shown by one study in our research, where
patients who manifested both macrovascular and microvascular acute coronary syndrome were found to have narrower arterial lumen and outer diameter, which were also
associated with the extent of coronary artery disease. These
results supported the evidence obtained from fundus photography studies mentioned above.
Our research has certain limitations. First, we excluded
articles discussing solely the findings in patients with diabetic
or hypertensive retinopathy. The main reason for this

The American Journal of Medicine, Vol 000, No 000, && 2020
exclusion was that we wanted to focus our research on modern
vascular measures rather than on the vastly explored measure
of retinopathy. Another reason was that, as their names imply,
these entities are well correlated in the literature with diabetes
and hypertension, respectively; which in turn are correlated
with cardiovascular diseases, including the cardiac diseases
discussed in this article. Thus, this would constitute an inherent
confounding factor. Another important limitation was that
while most of the studies discussing acute coronary syndrome
had defined their outcomes as a definite acute coronary syndrome with ST- or non-ST-elevation myocardial infarction or
as an unstable angina event, a few studies had included
patients who had undergone revascularization procedures, suggesting that those patients may not have experienced acute
coronary syndrome but had undergone angiography for other
reasons.3,34–36
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Koç Ş, Ozin B, Altın C, Yaycıoğlu RA, Aydınalp A,
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