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Abstract

Purpose of Review The aim of this study to is report the findings of a systemic review and meta-analysis of the literature on the
association between retinal vascular caliber and cardiovascular diseases.

Recent Findings The caliber of retinal vessels has been recognized as an important biomarker for risk stratification in various
cardiovascular diseases, such as coronary artery disease, heart failure, stroke, and mortality.

Summary Non-invasively quantifying retinal vasculature may be useful in screening individuals who are at risk of cardiovascular
disease. Further evaluating the role of retinal vessel anatomy and incorporating it into a scoring system on risk of cardiovascular

diseases are needed in future studies.

Keywords Retinal vessel - Cardiovascular diseases - Coronary artery disease - Heart failure - Stroke - Mortality

Introduction

Cardiovascular diseases remain a leading cause of morbidity
and mortality globally, placing a significant economic and
societal burden despite advances in prevention, diagnosis,
and therapy. Although many risk factors of cardiovascular
disease, such as hypertension, diabetes mellitus, hyperlipid-
emia, smoking, and obesity, have been reported, their patho-
physiology is diverse and there remains a need to identify
useful biomarkers for early diagnosis and risk stratification.
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Cardiovascular diseases are characterized by generalized
systemic inflammation accompanied by abnormalities in the
microcirculation of different organs and tissues. Importantly,
the retinal vasculature in the eye is the only microcirculation
that can be observed non-invasively. In recent years, there
have been numerous studies that assessed the relationship be-
tween the caliber of retinal vessels and coronary artery dis-
ease, heart failure, stroke, and mortality [1ee, 2¢¢, 3].
Seidelmann et al. found that narrowing of the retinal arterioles
and widening of venules were associated with higher long-
term mortality in both genders [2¢¢]. By contrast, Wong
et al. conducted a prospective cohort study demonstrating no
significant relationship between the diameter of retinal arteri-
oles or venules, or between the arteriole-to-venule ratio and
mortality [4]. Therefore, we performed an extensive search in
the databases of PubMed, EMBASE, and Cochrane library to
identify studies that showed association between cardiovascu-
lar disease and retinal vascular disease.

Methods
Search Strategy

This systematic review and meta-analysis was conducted ac-
cording to the preferred reporting items in systematic review
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and meta-analysis (PRISMA) statement [5]. Two investigators
independently reviewed the literature to identify all studies
that describe retinal vascular signs such as retinal vessel cali-
ber, focal retinal arteriolar narrowing, arteriovenous nicking,
and incidence of cardiovascular disease in PubMed,
EMBASE, and Cochrane library. Entries published up to the
17th July, 2019, were searched. The search terms used were
retinal vessels (MeSH), retinal blood vessel, retinal artery,
retinal vein, retinal microvascular, retinal arteriolar, retinal ve-
nous, retinal vascular, arteriolar narrowing, arteriovenous
nicking, arteriovenous nicking, venular dilation, venular dila-
tation, venular dilatation arterio-venular ratio, focal arterio-
venular narrowing, generalized arteriolar narrowing, flicker
light—induced retinal arteriolar dilation, flicker light—induced
retinal venular dilation and cardiovascular diseases(MeSH),
heart failure, coronary artery disease, ischemic heart disease,
stroke, cerebrovascular disease, apoplexy, transient ischemic
attack, heart disease, mortality.

Selection Criteria

Publications that met the following criteria were included in
meta-analysis: (1) prospective cohort studies; (2) conducted in
general population; (3) reported retinal vascular caliber either
photographic film or digital photographs using computer-
associated methods; (4) reported incidence of cardiovascular
disease as endpoint with a description of RRs or HRs. For sys-
tematic review, the inclusion criteria were reported association
of cardiovascular disease with retinal vessel feature such as vas-
cular caliber changes, arteriovenous nicking, and flicker light—
induced retinal vascular dilation. The search procedure was per-
formed by two reviewers (SG and SY). Discrepancies were
resolved by consensus or, if necessary, by a third author (TL).

Data Extraction

Two reviewers (SG and SY) extracted relevant data from each
eligible article independently and subsequently their extrac-
tion were cross-checked. The standard data extraction form
included the characteristics of studies and baseline character-
istics of included patients. Information on publication year,
retinal feature, sample size, study design, incidence of cardio-
vascular disease, mean age, female ratio, follow-up duration,
and risk estimate.

Statistical Analysis

All data analysis was performed by using Review Manager
(Version 5.3). The magnitude of association between inci-
dence of cardiovascular disease and retinal vascular calibers
was represented by hazard ratios (HRs). We used the inverse
variance method to weight studies for the combined overall
statistic. Heterogeneity between studies was evaluated by the

@ Springer

P statistic. If 7 value > 50%, which reflected significant het-
erogeneity, the random effects model was used; otherwise, the
fixed effects model was used.

Results

A total of 29,540 articles were identified initially (Fig. 1). Of
these, 7546 duplicates and 21,775 based on title and abstract
were excluded. Subsequently, 185 articles were excluded be-
cause they did not provide measures that reported the associa-
tion between these retinal vessel caliber and cardiovascular
disease risk were editorials or not published in English.
Finally, a total of 34 articles were included in this study and
their characteristics are summarized in Table 1. Among these
articles, 11 studies were investigating coronary artery disease, 5
studied heart failure, 12 studied stroke, and 6 studied mortality.

Coronary Heart Disease

Previous studies suggested that retinal vascular diameters are
related to various cardiovascular risk factors such as athero-
sclerosis, inflammation, and cholesterol levels [31] in diseases
such as hypertension [32], diabetes [33], and metabolic syn-
drome [34]. Narrowing of retinal arterioles has been associat-
ed with a lower hyperemic myocardial blood flow and perfu-
sion reserve [35]. Moreover, in patients with high grade hy-
pertensive retinopathy, myocardial perfusion was impaired
[36]. The explanation is likely systemic inflammation that
causes atherosclerosis of the coronary vasculature is also re-
sponsible for alterations in structure and function of retinal
vessels [37]. Over the recent years, a computer-assisted digital
method of quantifying retinal vessel anatomy has emerged,
which can indirectly assess the coronary microcirculation.
Indeed, a narrower retinal arteriolar caliber and a wider retinal
venular caliber are reported to predict the risk [11e, 15¢].
Moreover, retinal microvascular abnormities can be used as
a marker of CAD severity [8]. Thus, retinal venular caliber
was increased in triple vessel disease [7], and atherosclerosis
of retinal vessels was a significant predictor of coronary ath-
erosclerosis [38]. A less dense retinal microvascular network,
represented by a lower fractal dimension, and a narrower ar-
teriolar branching angle have been associated with increasing
CAD vessel score [39]. However, other studies failed to dem-
onstrate significant predictive values of retinal atherosclerosis.
These results are not consistent. Prospective studies based on
general population found stronger associations in women,
with weaker or no association in men [11¢, 14]. There was
also a lack of predictive value in type 1 diabetic patients
[13], findings that were confirmed by a subsequent meta-
analysis [12]. Recently, a prospective study by Seidelmann
et al. [2¢¢] did not find a significant association of retinal
vessel changes with CAD. In support of this, data from several
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cross-sectional and case—control studies only found weaker
associations between alterations in retinal vessels and CAD
severity [9, 10]. Al-Fiadh et al. demonstrated that flicker light—
induced dilatation of the retinal arterioles, but not the caliber
of retinal arterioles or venules, is an independent predictor of
CAD [6°¢]. These findings therefore demonstrate that perhaps
both the anatomy and physiological functionality of retinal
vessels are important for risk stratification in CAD.

Heart Failure

Heart failure is a significant problem associated with a
higher morbidity, mortality, increased hospitalizations, in-
hospital length of stay, and a poorer quality of life.
Endothelial dysfunction of the coronary and systemic vas-
culature plays an important role in pathogenesis of heart
failure [40]. However, only a few studies have been con-
ducted to explore the roles of endothelial dysfunction of

the retinal microcirculation for risk prediction in heart fail-
ure. Prior reports have suggested that adults with retinal
arteriolar narrowing were more likely to have left ventric-
ular hypertrophy and cardiac remodeling [41, 42]. In 2015,
a cross-sectional study involving 1680 participants found a
significant association between wider caliber of retinal ve-
nules and prevalent heart failure [18]. While, in 2018, an
updated view was put forward as no difference in retinal
vascular caliber was found between groups of participants
with chronic heart failure, cardiovascular risk factors, and
healthy controls [1¢¢]. However, as with CAD, retinal mi-
crovascular dilatation induced by flicker light is impaired
in chronic heart failure patients [1+e]. Additionally,
Barthelmes et al. [43] demonstrated significant impairment
of the endothelial function of retinal arteries in heart failure
patients with either preserved or reduced ejection fraction.

The ARIC study (The Atherosclerosis Risk in Communities
Study) published in 2016 did not find a significant association

@ Springer
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between retinal vessel caliber and heart failure [2e¢], findings
that are supported by findings in a clinic-based sample of heart
failure patients [17]. Surprisingly, later evidence by the ARIC
study group published in 2019 found that the caliber of retinal
vessels predicted incident heart failure, increased left ventricu-
lar size, higher incidence of left ventricular hypertrophy, and
greater abnormalities in diastolic and systolic function [16ee].
These discrepancies between the 2016 and 2019 findings may
be due to the length of follow-up, with retinal vessel anatomy
only demonstrating predictive value over longer time periods.

Stroke

Stroke is a debilitating disease leading to poor functionality
and quality of life. Although many important risk factors have
been identified, early biomarkers for stroke are still required.
There is increasing evidence that change of retinal microcir-
culation can be a marker of stroke, given that retinal and ce-
rebral vessels share embryologic, anatomic, and physiologic
similarity [44-46]. Thus, non-invasive examination of the ret-
ina can provide useful information for physicians to risk strat-
ify their patients.

The ARIC study published in 2016 found that a narrower
retinal arteriolar caliber and a wider retinal venular caliber
were associated with a higher risk of stroke in both genders

Fig. 2 Forest plots of the hazard A, shudvorSuliirous

log[Hazard Ratio]

in the long term [2°¢]. By contrast, prior prospective studies
found that only a wider retinal venular caliber independently
predicted a higher stroke risk [15¢, 23, 25], as confirmed by a
previous meta-analysis conducted in 2009 [24¢]. Given such
discrepancies, we performed a meta-analysis to further ex-
plore the relationship between stroke and retinal vessel caliber
change. In our analysis, a total of 5 studies [2¢¢, 15, 19, 23,
25]. Grouping of studies were by either quantiles of retinal
vessel caliber (fifth vs. first quartile for retinal vein; first vs.
fifth quartile for retinal artery) or per-standard deviation (SD)
change. In both analyses, both narrower retinal arteriolar cal-
iber and wider retinal venular caliber were predictive of long-
term incidence of stroke in general population. The hazard
ratios were 1.4 (95% CI 1.11-1.77, P=0.005; Fig. 2a) for
arteriolar caliber and 2.45 (95% CI 1.5-4.0; P=0.0003; Fig.
2b) for venular caliber in quintiles, and 1.14 (95% CI 1.05-
1.23, P=0.0009; Fig. 2¢) and 1.20 (95% CI 1.12-1.28,
P <0.00001; Fig. 2d), respectively, for per-SD change.
Finally, patients with ischemic stroke have a sparser and
more tortuous microvascular network (lower fractal dimen-
sion) in the retina, and a lower fractal dimension was associ-
ated with a twofold higher risk of incident stroke [22]. Other
retinal microvascular abnormal signs, including arteriovenous
nicking, smaller arterio-venular ratio, retinal microaneurysm,
and focal arteriolar narrowing, have also been found to be
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light-induced retinal arteriolar dilation;

Fig. 3 Summary diagram detailing the relationship between retinal
vascular abnormalities and pathogenesis of various cardiovascular
diseases

helpful markers of stroke events [20, 21, 26]. Risk prediction
models involving retinal vessel characteristics may improve
the accuracy for predicting recurrence of stroke [47].

Mortality

The association between caliber of retinal vessels at baseline and
mortality has been controversial. Prior studies have reported that
retinal microvascular disease was associated with a higher
cause-specific but not necessarily all-cause mortality [30, 37].
The ARIC study [2¢] concluded that both narrower retinal ar-
teriolar caliber and wider retinal venular caliber were significant-
ly contributed to the higher risk of all-cause death, while studies
conducted by Wang et al. [29] and Wong et al. [30] indicated
that alterations in the anatomy or structure of retinal vessels
(including narrower retinal arteriolar caliber, wider retinal
venular caliber, arterio-venular ratio, focal arteriolar narrowing,
and arteriovenous nicking) were associated with higher mortal-
ity only in the middle-aged population. Arnould et al. further
reported that a sparse vascular network pattern was associated
with a higher cardiovascular mortality risk at 10 years [27].
Retinal arteriolar caliber has been shown to be a better predictor
of mortality than retinal venular caliber in type 1 diabetic pa-
tients [28]. By contrast, Wong et al. [4] did not demonstrate a

@ Springer

significant predictive value for retinal vessel variables. Thus,
more prospective studies are needed to determine the value of
retinal vascular abnormalities for mortality risk stratification.

Discussion

To the best of our knowledge, this is the first systematic re-
view and meta-analysis reporting on the association between
retinal vascular caliber and cardiovascular disease. Different
from the previous meta-analysis on retinal vessel caliber and
stroke [24¢], our meta-analysis, including more recent studies
tend to support that both retinal arteriolar and venous caliber,
is associated with stroke. The main findings are that structural
and functional abnormalities in the retinal microcirculation
can be used to predict cardiovascular disease incidence and
adverse outcomes (Central Illustration Figure; Fig. 3). This
ability stems from the fact that similar risk factors or comor-
bidities are found for retinal vascular abnormalities and car-
diovascular disease. These include hypertension, diabetes,
atrial fibrillation, and a sedentary lifestyle.

For hypertension, a retrospective study conducted by
Daugherty et al. analyzed data from 18,036 patients, and at
4-year follow-up, resistant hypertension was associated with
an increased risk of adverse cardiovascular outcomes on mul-
tivariable Cox regression analysis [48]. The mechanism is
traditionally explained as that hypertension could lead to dia-
stolic dysfunction and concentric left ventricular hypertrophy,
and if pressure overload is sustained, further cardiac dysfunc-
tion would ensue, which would culminate in poor outcomes
[49]. Additionally, arterial stiffness, caused by hypertension
[50], can transmit greater pulsatile energy to the microcircula-
tion, which may lead to peripheral end-organ damage [51, 52].

Type 2 diabetes is an independent risk factor of cardiovas-
cular events, atrial fibrillation (AF), and cardiovascular mortal-
ity [53]. It can induce adverse remodeling of blood vessels
including those from the retina [54]. A cross-sectional study
analyzing 1680 participants has shown that a sparser retinal
microvascular network was independently associated with a
higher likelihood of incident AF [17]. Finally, a healthy lifestyle
has a powerful effect in reducing the risk of developing age-
related chronic diseases [55], and has similarly shown protec-
tive effects on the retinal microvascular health [56, 57]. Chronic
inflammation, which is exacerbated by aging, leading to endo-
thelial dysfunction, is responsible for the pathogenesis of many
cardiovascular disorders [58, 59]. Activation of pro-
inflammatory pathways is likely to be responsible for inducing
abnormalities in the retinal vasculature [60, 61].

Limitations

Several limitations of this study should be noted. Firstly, this
meta-analysis included observational studies and can be
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susceptible to some types of studies inherent in this type of
studies. Secondly, the gender and age distribution were not
uniform across different groups. Finally, incidence of stroke
varies significantly among the studies, which might have un-
predictable effects on estimates of risk.

Future Directions

Despite the significant discrepancy on the issue that whether
retinal anatomy and function are associated with cardiovascu-
lar disease, published data of long-term follow-up in recent
years have demonstrated promising results. Retinal photogra-
phy can be used as a screening tool. Future prospective studies
should explore the value of retinal photography for screening
and quantifying cardiovascular risk in the general population.

Conclusion

This is a systematic review and meta-analysis on studies
reporting associations between alterations in retinal vasculature
in coronary artery disease, heart failure, stroke, and mortality.
Our meta-analysis including more recent studies supports the
notion that calibers of both retinal arteriolar and venous vessels
are associated with stroke. Together, a multi-parametric score
incorporating retinal-specific abnormalities and systemic car-
diovascular risk factors would likely to improve risk stratifica-
tion of cardiovascular diseases among individuals. Non-
invasive methods of quantifying retinal vessel anatomy may
be useful screening tools for individuals who are at risk.
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