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Abstract

Objective—Microvascular dysfunction has been suggested to be a major pathogenic factor for

the development of hypertension. We examined the association between retinal vascular caliber, a

marker of systemic microvascular dysfunction, and incident hypertension on a meta-analysis of

individual participant data.
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Methods—We performed a systematic review with relevant studies identified through a search

of electronic databases, a review of reference lists, and correspondence with experts. Studies were

included if participants were selected from a general population, retinal vascular caliber was

measured from photographs using computer-assisted methods at baseline, and individuals were

followed up to ascertain the incidence of hypertension. Prespecified individual recorded data from

six population-based prospective cohort studies were included. Discrete time proportional odds

models were constructed for each study with adjustment for hypertension risk factors. Log odds

ratios (ORs) per 20-μm difference were pooled using random-effects meta-analysis.

Results—Among 10 229 participants without prevalent hypertension, diabetes, or cardiovascular

disease, 2599 developed new-onset hypertension during median follow-up periods ranging from

2.9 to 10 years. Both narrower retinal arterioles [pooled multivariate-adjusted OR per 20-μm

difference 1.29, 95% confidence interval (CI) 1.20–1.39] and wider venules (OR per 20-μm

difference 1.14, 95% CI 1.06–1.23) were associated with an increased risk of hypertension. Each

20 μm narrower arterioles at baseline were associated with a 1.12 mmHg (95% CI 0.25–1.99)

greater increase in SBP over 5 years.

Conclusions—Retinal arteriolar narrowing and venular widening were independently associated

with an increased risk of hypertension. These findings underscore the importance of microvascular

remodeling in the pathogenesis of hypertension.
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Introduction

Hypertension is a major risk factor for cardiovascular diseases (CVDs) and premature

mortality, affecting nearly 1 billion people [1]. The key mechanisms underlying the

pathogenesis of hypertension remain a major focus of research. It has been hypothesized that

microvascular dysfunction, characterized by structural and functional abnormalities of small

vessels, or either of them, precedes and may be a causal component of hypertension, but the

clinical evidence to support this has been sparse [2,3]. Elucidating the role of microvascular

dysfunction in the initiation of hypertension is important given its potentially modifiable

nature with appropriate pharmacological treatment [2].

The caliber of the retinal blood vessels measures 150– 300 μm, and provides a novel model

to study correlates and consequences of generalized microvascular dysfunction [4–6].

Retinal vascular caliber can be assessed noninvasively from retinal photographs and

computer-assisted approaches [7]. Several prospective, population-based cohort studies [8–

15] have found that retinal vascular caliber changes, particularly narrower retinal arterioles,

predict incident hypertension. However, there remain several important gaps in the

literature. First, some previous studies [8,9] have used ratio of the caliber of arterioles to

venules [arteriolar-to-venular diameter ratio (AVR)] as the sole index of the severity of

generalized arteriolar narrowing. However, retinal arteriolar and venular calibers themselves

carry different prognostic information [16], and use of a summary measure such as AVR

may fail to differentiate specific pathophysiological changes in arterioles or venules and thus
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lead to incorrect inferences. For example, a smaller AVR could be either because of

arteriolar narrowing or venular widening or both. When both arteriolar and venular vessel

calibers are associated with hypertension but in opposite directions, AVR may substantially

exaggerate or mask the apparent magnitude of the association with arteriolar caliber [16].

Second, some studies [12,17] suggest that in addition to arteriolar narrowing, retinal venular

widening may be independently associated with risk of hypertension, but others [13,14]

have found no association. Retinal venular widening has been shown to be related to

systemic inflammation, measures of atherosclerosis, and metabolic abnormalities [18]. Thus

far, there remains uncertainty over whether hypertension is associated exclusively with

narrower retinal arterioles or is also associated with wider venules and the pattern and

magnitude of these associations. Third, cross-sectional studies [19,20] suggest the

relationship of retinal arteriolar narrowing and blood pressure (BP) is weaker in older

people. However, it has not been demonstrated if such age interaction is present in

prospective studies of retinal vascular caliber and incident hypertension.

To address these gaps, we performed a collaborative meta-analysis of individual participant

data from published and unpublished studies to provide robust estimates of the associations

of retinal vascular caliber changes with incident hypertension, incorporating adjustment for

confounding caused by established conventional risk factors. We also examined whether

these associations differ in younger and older persons.

Methods

Study selection and data extraction

We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses [21]

guidelines throughout the design, implementation, analysis, and reporting. The criteria for

study inclusion were that the study contained participants derived from a general population,

retinal vascular caliber was measured at baseline from either digitized 35 mm photographic

film or digital images using computer-assisted methods, and individuals were followed up to

ascertain incident hypertension. A literature search (up to November 2012) was conducted

of MEDLINE and EMBASE. Reference lists and conference proceedings also were

searched to identify possible additional studies. The following search terms were used: ‘[exp

retinal diseases/, retinopathy.tw., (retina or retinal).tw., microvessel.mp. or

microvascular.tw., vessel.mp. or vascular.tw., arteriole.mp. or arteriolar.tw., venule.mp. or

venular.tw.]’, ‘(exp hypertension/, blood pressure.tw.)’, and ‘(exp epidemiology/, exp

epidemiologic studies/, incidence/, cohort$.tw,or cohort studies/)’. Further studies and

unpublished data were sought by discussion between collaborators. Possible studies for

inclusion were independently assessed for suitability by two authors (J.D. and T.Y.W.) and

any lack of clarity or disagreement was resolved by discussion.

The principal investigators were invited to participate in this collaborative project and,

following acceptance, were requested to provide original recorded data on individual

demographic characteristics (e.g. age, sex, race/ethnicity, height, and weight), baseline and

serial measurement on cardiovascular factors (e.g. SBP and DBP, serum total cholesterol,

blood glucose, the presence of diabetes, and current smoking status), medication use and

history of CVD, details of assessment of retinal vascular calibre, and hypertension. Because
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data on parental history of hypertension were available only in subsets of the participants

and measures of physical activity were highly variable across studies, these variables were

not included. The participants included in the present analysis had no prevalent hypertension

or CVD, had values for retinal arteriolar and venular calibers recorded at baseline, and

information of follow-up duration. We also excluded people with diabetes mellitus from this

meta-analysis because lower cut-points of SBP and DBP define the target BP goal among

this group [1] and diabetic changes might complicate the interpretation of the associations of

retinal vascular caliber with hypertension [22]. For these purposes, diabetes was defined as a

fasting serum glucose at least 7.0 mmol/l, 2-h plasma glucose at least 11.1mmol/l,

hemoglobin A1c above 6.5%, use of diabetic medication, or a physician's diagnosis.

Retinal vascular caliber measurements

Retinal vascular caliber was measured in a similar manner in each study with some slight

variations [23,24] (Table I in Data Supplement, http://links.lww.com/HJH/A284). Briefly, a

prespecified eye (usually the right eye) was used for analysis of retinal vascular caliber.

Trained graders, who were masked to participant characteristics, viewed the photographs

centered on the optic and measured the diameters of all arterioles and venules that coursed

through a zone surrounding the optic disc, one-half to one disc diameter away from the optic

disc margin, by using a semiautomated computer program. Per cohort, we used the

summarized measures of the central retinal arteriolar equivalent (CRAE) and central retinal

venular equivalent (CRVE), respectively, calculated from individual mean retinal vascular

calibers and representing ‘average’ diameters. All studies used Parr–Hubbard formula [25]

to summarize the individual calibers except for one study [12], which applied Knudtson's

revised formula [26]. Reproducibility statistics were high for CRAE and CRVE

measurements, with intragrader and intergrader reliability correlation coefficients ranging

from 0.69 to 0.99 [18].

Hypertension ascertainment

The sampling and hypertension identification procedures were all protocol-driven, although

differences existed in age ranges (Table 1), period of data collection (Table 1), and BP

assessment methods (Table II in Data Supplement, http://links.lww.com/HJH/A284). Most

studies used the average of two consecutive, seated readings at a single visit to define BP,

whereas two studies [11,14] measured BP once and recorded a single reading only. Incident

hypertension was defined as first occurrence at any follow-up examination of SBP at least

140mmHg or DBP at least 90 mmHg or of the person initiating treatment with

antihypertensive medications. Prehypertension was defined, for those who were free of

hypertension at baseline, as an SBP of 120–139 mmHg or a DBP of 80–89 mmHg [1]. Mean

arterial BP (MABP) at baseline was calculated as: 1/3 × SBP + 2/3 × DBP.

Statistical analyses

Both CRAE and CRVE were normally distributed and the pooled within-study SD was

approximately 20 μm for CRAE and CRVE. For each study, we fitted the discrete time

proportional odds models for interval-censored data for incident hypertension. Each model

estimated the odds ratios (ORs) associated with CRAE and CRVE. Model 1 adjusted for

age, sex, and ethnicity. Model 2 included variables from model 1 and also adjusted for
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cardiovascular risk factors including BMI, current smoking status, and total cholesterol

level, and model 3 included variables from model 2 and baseline SBP. These risk factors

were chosen to be included in the models mainly because they were the major components

in the Framingham Hypertension Risk Score [27] and were also measured consistently

across the studies. We included both CRAE and CRVE simultaneously in the same model in

order to control for the shared variance between the fellow variables [16]. We pooled the log

OR estimates of the different studies by random-effects meta-analysis [28] and displayed

them in forest plots. The extent of heterogeneity between studies was evaluated with the

inconsistency I statistic [29]. Sensitivity of the above two-stage analyses results (with

estimates of association calculated separately within each study before data from different

studies were pooled) was assessed by fitting a one-stage multilevel discrete time (logistic

regression) model to pooled data with study as the random effect [30]. The one-stage

approach was also used to investigate exposure–covariate interactions because this approach

provides a flexible way of examining individual-level interactions [31].

To assess the pattern of associations, study-specific ORs calculated within overall quartiles

of baseline CRAE and CRVE were pooled on a log scale by multivariate random-effects

meta-analysis and plotted against mean CRAE and CRVE within each quartile, respectively.

The 95% confidence intervals (CIs) were estimated from variances reflecting the amount of

information within each group including the reference group. When associations were

approximately log-linear, regression coefficients were calculated to estimate the ORs per 20

μm difference in CRAE and 20 μm difference in CRVE (as lower values for CRAE and

higher values for CRVE).

To corroborate our analyses, we did several supplementary analyses. To account for

differential effects of baseline level of risk factors, we stratified the multilevel effects

logistic models for age group (<60, ≥60 years), sex, ethnicity (white, non-white), BMI

category (<25, 25–29, ≥30 kg/m2), current smoking, and prehypertension status. Because

most studies provided one follow-up measurement of BP, we examined the association of

baseline CRAE and CRVE with change in SBP between the two occasions by fitting a linear

mixed regression model for each study. The model contained a term measuring the

association between retinal vascular caliber and baseline SBP, and a separate term

measuring the association between retinal vascular caliber and the rate of change in SBP

over time (i.e. interaction term between time interval and CRAE or CRVE). We pooled the

coefficient estimates (β), respectively, using random-effects meta-analysis. To account for

the influence of antihypertensive medication use on the SBP trajectory, a constant of 10

mmHg was added to SBP values of people with incident hypertension who were on

antihypertensive treatment, assuming that treatment effects are the same across age, period,

and cohort [32,33]. We indirectly corrected for regression dilution bias using follow-up

measurements of CRAE and CRVE from one study [9], which provided a guide to the

approximate mean ‘usual’ CRAE and CRVE levels over time that could be applied to other

studies [34]. Finally, we used multiple multivariate imputation of variables with five

imputed datasets per study to replace missing values, amounting to 1% of total values, for

baseline risk factors (Stata ice/micombine procedures) [35]. These analyses were performed
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using Stata 10.1SE (Stata-Corp, College Station, Texas, USA), two-sided P values (<0.05

considered statistically significant) and 95% CI.

Results

The literature search yielded 3209 citations from which seven studies [8–14,36] fulfilled the

inclusion criteria (Figure I in Data Supplement, http://links.lww.com/HJH/A284). Six of

these studies [8–12,14,36] provided individual participant data and were included. The

studies were based in the United States, Australia, and Japan, and comprised predominantly

white populations, except for the Funagata study (Japanese) [14]. The populations in the

Atherosclerosis Risk in Communities (ARIC) study [8] and the Multi-Ethnic Study of

Atherosclerosis (MESA) [12] comprised 11 and 19% blacks, respectively. Additionally in

the MESA, 22% were Hispanic and 14% Chinese. The characteristics of the participants in

the studies at baseline when CRAE and CRVE were measured are shown in Table 1. A total

of 10 229 participants without known hypertension, diabetes, or CVD at baseline were

included. Of these, 44% were men and the mean age at baseline in the studies ranged from

50 to 60 years. In some contributing studies, the follow-up BP measurements occurred in a

narrow time interval [12], but in others, the measurements spanned a long period [9,11,14].

During median follow-up periods ranging from 2.9 to 10 years across studies, 2599

developed hypertension. The mean (SD) CRAE at baseline ranged from 146.5 μm (13.7) to

192.4 μm (16.9), and CRVE from 192.3 μm (16.3) to 231.2 μm (22.2).

Central retinal arteriolar equivalent and risk of hypertension

There were linear inverse associations between baseline CRAE and risk of hypertension

across the range of values (Figure IIa in Data Supplement, http://links.lww.com/HJH/A284).

The study-specific ORs for CRAE and incident hypertension in the fully adjusted model

(model 3) are displayed in Fig. 1a. After adjustment for age, sex, and race (model 1), the

overall estimated OR per 20-μm narrower CRAE was 1.65 (95% CI 1.53, 1.79) for

hypertension (Table III in Data Supplement, http://links.lww.com/HJH/A284). The OR was

not appreciably altered after additional adjustment for current smoking status, BMI, and

total cholesterol level. When further adjusted for baseline SBP, the OR decreased to 1.29

(95% CI 1.20, 1.39). We observed no heterogeneity in the ORs between studies for CRAE

(Q test of heterogeneity P value 0.58; I2 0.0%) in the fully adjusted model.

Central retinal venular equivalent and risk of hypertension

Central retinal venular equivalent was positively and linearly associated with incident

hypertension (Figure IIb in Data Supplement, http://links.lww.com/HJH/A284). Figure 1b

and Table III (Data Supplement, http://links.lww.com/HJH/A284) show the same analyses

for CRVE. The overall estimated OR per 20-mm larger CRVE for hypertension was 1.28

(95% CI 1.21, 1.36) in model 1. Adjustment for several vascular risk factors did not

appreciably alter OR (1.23, 95% CI 1.16, 1.31) and the OR attenuated to 1.14 (95% CI 1.06,

1.23) when also adjusted for baseline SBP. We observed no significant heterogeneity in the

ORs across studies for CRVE (Q test of heterogeneity P value 0.27; I2 21.7%) in model 3.
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Supplementary analysis

Results were similar for both CRAE and CRVE when using combined individual record data

from all studies and fitting a multilevel model with a random intercept to account for study-

specific effect (Fig. 1). Similar results to those reported here were also observed in several

supplementary analyses. Table IV (Data Supplement, http://links.lww.com/HJH/A284)

shows the overall estimated ORs for CRAE, CRVE, and hypertension, respectively, by

baseline characteristics after adjustment for vascular risk factors (model 3). We observed a

significant interaction between CRAE and age (P=0.03) and the association of narrower

CRAE with hypertension was strongest in participants younger than 60 years (OR per 20-μm

difference 1.44, 95% CI 1.30, 1.60), but diminished and became nonsignificant in those aged

70 years and older (per 20-μm difference 0.99, 95% CI 0.80, 1.21). There was little evidence

that the magnitude of the associations between retinal vascular caliber and hypertension was

importantly influenced by sex, race, prehypertension status, current smoking status, and

BMI categories. The adjustment using baseline MABP or the average of the baseline and

prior SBP instead of baseline SBP did not qualitatively change the associations observed.

When corrected concurrently for regression dilution in CRAE and CRVE, the hypertension

associations were strengthened for both CRAE (OR per 20-μm difference 1.41, 95% CI

1.28, 1.56) and CRVE (per 20-μm difference 1.18, 95% CI 1.08, 1.31) in model 3. Analyses

on the imputed datasets yielded results similar to those reported in the main analysis (results

available on request).

Table V (Data Supplement, http://links.lww.com/HJH/A284) presents the relationships of

CRAE and CRVE with baseline SBP and the change in SBP over time. Narrower CRAE

was associated with higher SBP at baseline [per 20-μm difference: pooled estimated

regression coefficient (β)=2.99 mmHg, 95% CI 1.56, 4.42] and with a 1.12 mmHg (95% CI

0.25, 1.99) greater 5-year increase in SBP. Larger CRVE was associated with higher

baseline SBP (per 20-μm difference: pooled β=1.38 mmHg, 95% CI 0.73, 2.04), but not with

increase in SBP over time.

Discussion

The present individual participant meta-analysis involving six prospective cohort studies

among 10229 individuals provides the first reliable demonstration and confirmatory

evidence that changes in retinal vascular caliber, specifically retinal arteriolar narrowing and

venular widening, are associated with an increased risk of hypertension, developing over

median follow-up periods of 2.9–10 years. The associations persist in those with optimal BP

at baseline. On the basis of baseline and the follow-up SBP measurements, each 20-μm

decrease on retinal arteriolar caliber at baseline is associated with a 1.12 mmHg greater

increase in SBP over 5 years. These findings are consistent with the hypothesis that

generalized microvascular dysfunction, seen in the retinal vasculature, precedes the onset

and development of hypertension.

Our access to individual-level longitudinal data has enabled minimization of potential bias,

standardization of statistical methods, analysis of clinically relevant subgroups, and

consistent comparison through ‘harmonization’ of individual records across studies. Our

findings therefore clarify a major gap in the pathophysiological understanding of
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hypertension and support previously reported evidence that diffuse retinal arteriolar

narrowing, reflecting generalized arteriolar remodeling, antedates clinically manifest

hypertension and is associated with future increases in BP levels. As a precursor of

hypertension, increased peripheral vascular resistance resides primarily in small arteries

(<350 μm of lumen diameter) and arterioles (10–150 μm of lumen diameter). Thus, it seems

likely that narrowing of small arteries and arterioles (and greater peripheral resistance)

might contribute to an elevation of BP, eventually leading to hypertension, and a dynamic

‘vicious cycle’ may exist in which the microcirculation maintains or even amplifies an initial

increase in BP [37]. However, it has been proposed that in the absence of the abnormal renal

function, increased peripheral resistance only temporarily raises BP, to be followed by an

increase in renal sodium excretion restoring BP toward normal [3]. Importantly, retinal

microvascular remodeling may resemble those in small resistance arteries of other end

organs [38] and subtle renal arteriolar dysfunction [39] may reconcile the proposal with the

putative role of arteriolar narrowing in the development of hypertension.

Our meta-analysis confirms findings in some studies [12,17] which have reported an

association between retinal venular widening and incident hypertension after controlling for

arteriolar caliber. Retinal venular widening has been hypothesized to be a general marker of

retinal ischemia and hypoperfusion secondary to microvascular rarefaction [40–42]. The

ensuing reduction in blood vessels can cause a significant increase in peripheral vascular

resistance and can exacerbate an initial increase in blood flow or pressure. In addition,

retinal venular widening may reflect endothelial dysfunction [43] and thereby increase

leukocyte adhesion, which, in turn, is involved in microvascular remodeling [42,44].

However, our findings, together with other well established links with incident impaired

fasting glucose [45], coronary heart disease [23], and stroke [24], suggest that retinal venular

widening may have pleiotropic associations with cardiovascular risk factors and diseases,

but not be a specific biomarker for hypertension.

Our analysis demonstrated an age interaction, specifically that the association of arteriolar

narrowing with hypertension was more prominent in younger people (<60 years), and this

association diminished with increasing age and became nonsignificant in those aged 70

years and older. This finding extends previous cross-sectional studies [19,20] that suggest

the relationship of retinal arteriolar narrowing and BP is weaker in older people. The

diminution of arteriolar narrowing–hypertension association with age could reflect increased

retinal arteriosclerosis limiting the degree of vasoconstriction in older people, measurement

of errors from poorer retinal image quality due to lens opacity, or selective survival. These

findings may suggest that preventive and treatment strategies in hypertension that are

targeted specially at improving microvascular structure (e.g. administration of agents with

vasodilator effects) may be more useful in younger than older people.

The study has the limitations of observational research and there remains scope in these

estimates for residual bias due to unmeasured (e.g. dietary factors and inflammation

markers) or imprecisely measured confounding factors (e.g. long-term average SBP). The

results of our analysis were based on single-occasion retinal measurements, and lack of

information on serial measurements in most studies hampered the direct correction for

regression dilution bias, which may have led to an underestimate of the true associations. All
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studies except MESA [12] used the Parr–Hubbard formula to summarize retinal vascular

caliber. However, we do not have any reason to believe that a revised formula used in the

study would affect the estimated associations [26]. Two studies [11,14] used a single reading

to define BP, which exhibited significant terminal digit preference, may have resulted in

nondifferential misclassification bias and our findings thus would also be an underestimate

of the true associations. Excluding the two studies from our analyses did not essentially

change the results. Whereas the definition of hypertension was the same among the studies,

the clinical diagnosis of hypertension may have varied between the studies and over time.

For a large proportion in each of the cohorts, the diagnosis was based on doctors' prescribed

medication, which often was as a result of following different guidelines at the time they

were prescribing the drugs. The possibility that confounding from drugs that may have

affected retinal vascular caliber was not controlled for in the present analyses. Whereas

people with higher BP at baseline may be more likely to develop hypertension, high baseline

BP levels may be the consequence of more rapid increases in BP before the study's baseline

measurement [46]. Furthermore, the changes in retinal vascular caliber at baseline could

have incorporated influences or damages from various insults over lifetime, including BP

levels even within ‘normal’ ranges. When participants were stratified according to

prehypertension status, the associations were similar among those with optimal BP at

baseline.

Narrower retinal arterioles have been found to be a predictor for cardiovascular mortality

[47], and it is possible that people lost to follow-up may have died of CVD or developed

hypertension before they participated in the follow-up examination(s), thereby leading to

conservative estimates of associations. We compared the baseline characteristics between

participants and nonparticipants in each study, and found there were no major differences in

baseline retinal or BP measures. The heterogeneity of length of follow-up time across

studies may have a potential impact on the associations. We did not test for this formally by

performing a meta-regression because the small number of participating studies precluded a

meaningful analysis. For a similar reason, we did not test for publication bias by assessing

funnel plot asymmetry. However, we identified all known population studies to date that

have measured retinal vascular caliber and BP outcome, and were also able to include

unpublished data from some studies [Australian Diabetes Obesity and Lifestyle (AusDiab)

study]. We could not obtain data from the Rotterdam study [13]; however, the principal

analysis was repeated including published estimates from the Rotterdam study, which

provided much the same overall results. We thus think that publication bias is unlikely to be

present in the current study.

In conclusion, our meta-analysis showed that changes in retinal vascular caliber, specifically

retinal arteriolar narrowing and venular widening, are independently and significantly

associated with an increased risk of incident hypertension. Our findings provide robust

confirmatory evidence that generalized microvascular dysfunction, seen by remodeling of

the retinal vasculature, precedes the development of hypertension. These findings may lead

to new preventive and treatment strategies in hypertension that are targeted specially at

improving microvascular structure and tissue perfusion, for example administration of

agents with vasodilator, antioxidative, and anti-inflammatory effects.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BDES Beaver Dam Eye Study

BMES Blue Mountains Eye Study

CRAE central retinal arteriolar equivalent

CRVE central retinal venular equivalent

CVD cardiovascular disease

IQR interquartile range

MABP mean arterial blood pressure

MESA Multi-Ethnic Study of Atherosclerosis

OR odds ratio
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Figure 1.
Multivariate-adjusted odds ratios (ORs) (model 3) for risk of incident hypertension per 20

μm decrease in CRAE (a), per 20 μm increase in CRVE (b). The size of the data markers is

proportional to weight of the study in the random effect meta-analysis. The error bars

indicate 95% CIs. Pooled using random effects and one-stage multilevel random-intercept

models. CI, confidence interval; CRAE, central retinal arteriolar equivalent; CRVE, central

retinal venular equivalent.
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