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Abstract
Objective—To describe the prospective relationship of retinal vessel diameters with risk of
hypertension in a multiethnic population-based cohort.

Methods—The Multi-Ethnic Study of Atherosclerosis is a population-based study of subclinical
cardiovascular disease among white, African–American, Hispanic, and Chinese American adults
aged 45–84 years. Retinal vessel diameters were measured using a standardized imaging software
at the second examination (considered baseline in this analysis) and summarized as the central retinal
artery/vein equivalent. Presence of retinopathy and retinal focal arteriolar narrowing and
arteriovenous nicking was assessed by trained graders. Incidence of hypertension was defined among
participants at risk as systolic blood pressure at least 140 mmHg, diastolic blood pressure at least 90
mmHg, or use of an antihypertensive medication.

Results—Of the initial 6237 participants at baseline, 2583 were at risk of hypertension. After 3.2
±0.5 years of follow-up, 448 (17.3%) participants developed hypertension. After adjusting for age,
sex, race/ethnicity, the average of mean arterial blood pressure in the first and second examination,
and other vascular risk factors, persons with narrower retinal arteriolar diameter and wider venular
diameter at baseline were more likely to develop hypertension [odds ratio per SD decrease in central
retinal artery equivalent 1.20, 95% confidence intervals 1.02, 1.42; and odds ratio per SD increase
in central retinal vein equivalent 1.18, 95% confidence interval 1.02, 1.37]. Persons with focal
arteriolar narrowing were also more likely to develop hypertension (odds ratio 1.80, 95% confidence
interval 1.09, 2.97).
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Conclusion—Findings from this multiethnic population confirm that narrower retinal arteriolar
diameter and wider venular diameter are associated with the development of hypertension
independent of traditional risk factors.
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hypertension; microcirculation; retinal vessel diameter; retinopathy; the Multi-Ethnic Study of
Atherosclerosis

Introduction
Microcirculatory dysfunction may play a major role in the pathogenesis of hypertension [1].
Narrowing of small arteries and arterioles [2–4] is a key pathological characteristic of essential
hypertension and is known to increase peripheral vascular resistance [5]. It remains unclear,
however, whether arteriolar narrowing precedes and contributes to the development of
hypertension or is only a consequence of long-standing elevated blood pressure [5–7].

The retinal microvasculature allows direct visualization of small arteries and arterioles, thus
offering a means to evaluate the relationship of structural microvascular changes with the
development of hypertension [8–10]. Using computer-based techniques to measure retinal
vessel diameters, four prospective studies [11–15] have shown that narrower retinal arterioles
may precede clinical hypertension, even after adjusting for the effects of baseline blood
pressure levels and other risk factors.

However, little is known about the potential ethnic variations in the association of retinal
arteriolar narrowing and hypertension risk. Most of the previous studies were conducted on
white populations [12–15], but it is well established that the prevalence and risk factors for
hypertension differ substantially among different ethnic/racial populations [16]. Furthermore,
there may be ethnic differences in the association between blood pressure and other markers
of hypertensive end-organ damage, including hypertensive retinopathy [17] coronary artery
disease [18], and left ventricular hypertrophy [19].

The purpose of this study is to determine the prospective association of retinal vessel diameter
with the risk of hypertension among four major ethnic groups in the United States. We also
examined relationships of retinal vessel diameters with progression, regression, and control of
hypertension.

Methods
Study population

The Multi-Ethnic Study of Atherosclerosis is an ongoing prospective study of adults without
a history of clinical cardiovascular disease selected from six US communities (Maryland,
Illinois, North Carolina, California, New York, and Minnesota) [20]. Selection of the study
population has been detailed elsewhere [20]. In brief, between July 2000 and August 2002,
each site planned to examine approximately 1100 eligible participants, equally divided between
men and women, according to site-specified racial and ethnic proportions. At the first
examination (visit 1), there were 6814 participants (52.8% women), aged 45–84 years. The
tenets of the Declaration of Helsinki were followed, and institutional review board approval
was granted at each study site. Written informed consent was obtained from each participant.

The study population for this analysis was derived as follows. Fundus photography was
performed at the second examination (visit 2; August 2002 to January 2004) [21–23], which
we considered as the baseline for this report. At this second examination, 6237 (91.5%)
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participants returned, 6147 (90.2%) had retinal photography, and 5979 (87.7%) had
photographs that were suitable for measurement of retinal vascular diameter. Of them, 2583
were free of hypertension at visit 2. We used hypertension status at the fourth examination
(visit 4) as the study outcome after a follow-up period of mean (±SD) 3.2 (±0.5) years.

Measurement of retinal vascular diameter and retinal vascular signs
Fundus photography was performed according to a standardized protocol [21–23]. Participants
were seated in a darkened room. Both eyes of each participant were photographed with a 45°
6.3 megapixel digital nonmydriatic camera. Two photographic fields were taken of each eye:
the first centered on the optic disc [Early Treatment Diabetic Retinopathy Study (ETDRS) field
1] and the second centered on the fovea (ETDRS field 2) [24]. Images were sent from the
centers of six study sites to the Ocular Epidemiology Reading Center at the University of
Wisconsin, Madison, for measurement of retinal vascular diameter and assessment of other
retinal disease. Retinal vascular diameter was measured with a computer-assisted program
(IVAN, University of Wisconsin, Madison, USA), following a detailed protocol [8]. Trained
graders were masked to participant clinical characteristics. Measurements from field 1
photograph of the right eye were used in this report, except that when retinal vascular diameter
could not be measured in the right eye, the left eye photograph was used. For each photograph,
the largest six arterioles and the largest six venules coursing through a zone between 0.5 and
1 disc diameter away from the optic disc margin were measured and summarized as the average
central retinal artery and vein equivalents (CRAE and CRVE), using formulas developed by
Hubbard et al. [8] and modified by Knudtson et al. [25]. In brief, assuming that a standard disc
size is 1800 μm, we determined the diameter (μm) of individual retinal arterioles and venules.
Calculation of CRAE and CRVE is based on branching coefficient; an empirical relationship
between trunk and branches expressed as:

(1)

where w1 (μm) and w2 (μm) are the widths of daughter branches and W is the width of parent
trunk. The branching coefficients for retinal arterioles and venules were determined from
branching patterns in young normotensive adults as 1.28 and 1.11, respectively. Then, this
formula was solved for arterioles and venules as below:

(2)

(3)

where w1 (μm) and w2 (μm) are the widths of daughter branches and  is the estimate
of parent trunk arteriole or venule. The biggest six measurements of retinal arterioles and
venules were integrated using these two formulas. We repeated this calculation pairing up the
largest vessels with the smallest until we reached a single number that represents the estimated
calibre size of the central retinal artery and arterioles (or vein and venules) of the eye.
Reproducibility of retinal vascular measurements has been reported previously, with
intragrader and intergrader intraclass correlation coefficients ranging from 0.78 to 0.99 [8,
22,26–28]. Presence of retinopathy signs was graded based on modification of the Airlie House
Classification system [21]. For the current analysis, levels 10, 11, and 12 were defined as no
retinopathy, and level 14 or above were defined as having retinopathy.
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Retinal focal arteriolar narrowing and arteriovenous nicking were assessed in each of the four
quadrants, excluding the area within 1/2 disc diameter surrounding the optic disc margin. For
the assessment of focal arteriolar narrowing, the photograph graders examined all arterioles
greater than or equal to 40 μ in diameter and evaluated the arteriole for constricted segments;
only the constriction to 1/2 or less of the original diameter of proximal and distal vessel
segments is considered definite. For the assessment of arteriovenous nicking, the grader
examined all crossings of artery over vein and evaluated crossings where the venous blood
column was narrowed on three or all four sides of the crossing.

Assessment of cardiovascular risk factors
Participants underwent interviews and assessments of cardiovascular risk factors during the
course of the study [20]. Cardiovascular risk factors used for this analysis were collected at the
second examination (baseline of this analysis) of the MESA. Resting blood pressure was
measured three times with participants in the seated position (Dinamap model Pro 100
automated oscillometric sphygmomanometer; Critikon, GE Healthcare, Piscataway, New
Jersey, USA). The MESA personnel assessed blood pressure and medication use during each
MESA examination. They obtained three blood pressure measurements while seated, with each
5 min apart, using an automated sphygmomanometer. We calculated the mean of the last two
measurements for analysis. The MESA personnel asked participants to bring all medications
to each examination, and they assessed medication use by taking a medication inventory. As
the device was programmed to output systolic and diastolic blood pressures, we calculated a
mean arterial blood pressure (MABP) based on systolic and diastolic values. MABP was
calculated not only at baseline visit (visit 2), but also at past visit (visit 1), as
MABP=1/3×systolic BP+2/3×diastolic BP. Diabetes mellitus was defined as fasting glucose
more than 6.99 mmol/l (126 mg/dl) or use of insulin or oral hypoglycemic medication. Height
and weight were measured with participants wearing light clothing and no shoes, and the BMI
was calculated as weight in kilograms divided by height in meter squared. The waist–hip ratio
was defined as the ratio of the waist and hip circumferences.

A detailed questionnaire was used to obtain information about past medical history, cigarette
smoking, alcohol consumption (defined as current and past/never), and medication use. For
this current study, hypertension was defined following the Seventh Report of the Joint National
Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure
(JNC-7) as follows: [29] normal: SBP less than 120 mmHg, DBP less than 80; prehypertension:
SBP 120–139 mmHg or DBP 80–89 mmHg; hypertension stage I: SBP 140–159 or DBP 90–
99 mmHg; and hypertension stage II: SBP at least 160 mmHg or DBP at least 100 mmHg.
People who were taking antihypertensive medication were categorized as having ‘hypertension
stage II.’

Definition of incidence of hypertension
Incidence of hypertension was defined as being ‘normal or prehypertension at visit 1 (past)
and visit 2 (baseline) examination without use of antihypertensive medication’ but being
‘hypertension stage 1 or stage 2 or use of antihypertensive medication at visit 4 (the follow-up
visit of this report).’

Progression of hypertension was defined as an increase in the high blood pressure stages of
two or more steps at the follow-up visit or the introduction of an antihypertensive medication
at follow-up. Of all participants, 9.2% showed progression according to this definition.

In regard to regression of hypertension, as only 21 hypertensive persons (1%) showed a
decrease of two or more stages of hypertension, we adopted a definition of regression based
on drop in BP at visit 4 in persons defined as having hypertension at both visits 1 and 2. Thus,
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regression was defined as a decrease between visits 2 and 4 in systolic blood pressure of at
least 10 mmHg or diastolic blood pressure at least 5 mmHg, without any use of antihypertensive
medication at any visits. Of persons hypertensive, 23.1% showed regression according to this
definition.

Controlled hypertension was defined as being ‘hypertension stage 1 or stage 2 at baseline’ and
having BP in the ‘normal’ or ‘prehypertensive’ range at follow-up visit while using
antihypertensive medications. Of those hypertensive participants, 6.4% were under control at
follow-up according to this definition.

Statistical analysis
Cumulative incidence of hypertension was a primary dependent variable. Measurements of
retinal vessel diameter were independent variables and were used as continuous (per SD
change) or categorical (into quartiles) variables. Presence of focal arteriolar narrowing,
arteriovenous nicking, and any signs of retinopathy were also used as dichotomous independent
variables. Using Stata for Windows, version 10.1 (StataCorp, College Station, Texas, USA),
we compared clinical characteristics by quartiles of CRAE using the analysis of variance.
Covariates in multiple logistic regression models included age at baseline, sex, race (Model
1), and additional adjustment for glucose, BMI, total cholesterol, high-density lipoprotein
(HDL) cholesterol, triglyceride, presence of diabetes, duration of diabetes, current smoking at
baseline, and CRAE (for models assessing CRVE) or CRVE (for models assessing CRAE;
Model 2). We further adjusted for the average of past and baseline MABP in Model 3.

Similar analyses were repeated for regression of hypertension and progression of hypertension.
Finally, change in area under the receiver operator characteristic (ROC) curve (AUC) was used
to assess improvement in prediction using the models with or without retinal vessel
measurements.

Results
Table 1 shows baseline characteristics of study population. There were significant differences
in age, systolic and diastolic blood pressure, sex, racial/ethnic group, and current smoker by
quartiles of CRAE. Overall cumulative incidence of hypertension was 17.3% (448/2583).
Figure 1 shows the frequency of incident hypertension by age groups and quartiles of CRAE
or CRVE, adjusted for sex and race/ethnicities. There were overall trends of higher incidence
of hypertension in older age groups and with smaller CRAE (P for trend <0.001 for both);
although there were overall trends of higher incidence of hypertension in wider CRVE, this
was not statistically significant (P for trend=0.3; Fig. 1). Figure 2 shows incidence of
hypertension by deciles of CRAE, suggesting there is a near linear relationship between CRAE
and incident hypertension.

Central retinal artery equivalent and incidence of hypertension
In the whole study sample, smaller CRAE was associated with 34% higher odds of incident
hypertension per 1 SD decrease in CRAE [odds ratio (OR) 1.34, 95% confidence interval (CI)
1.18, 1.52] and two-fold higher odds of hypertension when the narrowest is compared with the
widest quartile (OR 1.92, 95% CI 1.41, 2.62), after adjusting for age, sex, and race/ethnicities
(Table 2, Model 1). After adjusting for CRVE and the average of MABP at the first and second
examinations as well as glucose, BMI, total cholesterol, HDL cholesterol, triglycerides,
presence of diabetes, duration of diabetes, and current smoking (Model 3), this association
remained significant (per SD decrease in CRAE, OR 1.20, 95% CI 1.02, 1.42; the smallest
quartile vs. the widest quartile, OR 1.47, 95% CI 1.01, 2.14). In the ethnic subgroups, this
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association was significant in white, but not in African–American, Hispanic, or Chinese groups
(Table 2).

Central retinal vein equivalent and incidence of hypertension
Wider CRVE was also significantly associated with higher incidence of hypertension after
adjusting for MABP and other covariables in Model 3 in the entire study sample (per 1 SD
increase in CRVE, OR 1.18, 95% CI 1.02, 1.37; the widest quartile vs. the narrowest quartile,
OR 1.68, 95% CI 1.13, 2.52; Table 2). Although the direction of the association was positive
in all of the four racial/ethnic groups, it did not reach statistical significance in any of them
(Table 2).

As C-reactive protein, interleukin-6, and plasma fibrinogen level were found to be associated
with CRVE in our previous report [22], we further adjusted for C-reactive protein,
interleukin-6, and plasma fibrinogen level at the first examination and this did not alter the
significant associations of CRAE or CRVE with incidence of hypertension in the whole study
sample (data not shown). There were no significant interactions between vessel measurements
(CRAE or CRVE in quartiles) and race/ethnicities on the incidence of hypertension (data not
shown).

Retinopathy, focal arteriolar narrowing, or arteriovenous nicking and incidence of
hypertension

Participants with retinopathy signs at baseline had 50% higher odds of incident hypertension
compared with those without retinopathy signs, after adjusting for age, sex, and race/ethnicity
(OR 1.51, 95% CI 1.13, 2.03; Table 3, Model 1). However, this association diminished after
adjusting for the average of MABP in the past and other cardiovascular risk factors (Model 3).
Associations were not significant in diabetic and nondiabetic subgroups analyzed separately
(adjusted OR for diabetic group 1.55, 95% CI 0.67, 3.59 and for nondiabetic group 1.31, 95%
CI 0.92, 1.86). Focal arteriolar narrowing of the retinal arterioles was associated with an
increased incidence of hypertension after adjusting for the average of MABP and other
cardiovascular risk factors (OR 1.80, 95% CI 1.09, 2.97; Table 3), whereas arteriovenous
nicking was not significantly associated with the incidence of hypertension. There were no
significant racial/ethnic differences in associations of retinopathy, focal arteriolar narrowing,
or arteriovenous nicking with incident hypertension.

Progression and regression of hypertension
After adjusting for past and baseline MABP and other cardiovascular risk factors, narrower
CRAE and wider CRVE were associated with 49 and 46% increased odds of progression of
hypertension stage, respectively (Table 4). Wider CRAE was associated with 49% increased
odds of regression of hypertension after adjusting for the same covariates, including MABP
(OR for widest vs. narrowest quartile 1.49, 95% CI 1.06, 2.09; Table 4). In the same model,
wider CRAE was not significantly associated with controlled hypertension.

Change in area under receiver operator characteristic curve by models
Adding CRAE and CRVE to the model predicting hypertension from age, sex, race/ethnicities,
BMI, medical history, and baseline MABP did not improve the AUC significantly (AUC: 0.775
vs. 0.778; P=0.08).

Discussion
In this prospective multiethnic population-based study, we found that narrower retinal
arteriolar diameter was associated with increased risk of hypertension development and
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progression. We also found that participants with wider retinal venular diameter and focal
arteriolar narrowing were more likely to develop hypertension.

In previous studies, narrower retinal arteriolar diameter and smaller arteriovenous ratio were
consistently associated with the incidence of hypertension [11–15]. Smaller arteriovenous ratio
reflects either narrower retinal arteriolar diameter or wider venular diameter. Unlike the
association of retinal arteriolar narrowing and hypertension, the association of wider retinal
venular diameter and hypertension has not been consistently found. A significant association
between narrower venular diameter and incident hypertension was initially reported in the
Rotterdam Eye Study [15], but this was diminished after additional adjustment with retinal
arteriolar diameter [30]. Also, retinal venular diameter was not significantly associated with
incidence of severe hypertension in the Blue Mountains Eye Study [14]. We found that adding
the diameter of the fellow retinal vessel (CRAE for CRVE and vice-versa) enhanced the
association between narrower retinal arteriolar diameter or wider venular diameter and
incidence of hypertension consistently (model 1 vs. model 2, Tables 2 and 4). Our findings
support the view that narrower retinal arteriolar diameter and wider retinal venular diameter
are both associated with the incidence of hypertension in the multiethnic population. As wider
retinal venular diameter is associated with inflammation markers [22,31] and the metabolic
syndrome [32,33], these findings could explain at least partly the association of wider venules
with the development of hypertension [34]. However, in our current study, further adjustment
of C-reactive protein, interleukin-6, and plasma fibrinogen level did not alter this association.
We cannot exclude the possibility that this association is the result of residual confounding by
unknown factors that we did not collect information on and have not adjusted for.

We found that wider retinal arteriolar diameter was associated with regression of hypertension.
Similarly, the Blue Mountains Eye Study showed that wider retinal arteriolar diameter
predicted better response to hypertension treatment [14]. A recent study reported that
antihypertensive treatment could reverse retinal arteriolar narrowing, as indicated by length-
to-diameter ratio, in hypertensive patients [35]. The clinical implications of these findings
include the possibilities that retinal vessel diameter changes are indicators for susceptibility to
the development of hypertension, and its regression or better treatment response.

Although the Beaver Dam Eye Study found association between retinopathy and incident
hypertension [36], we could not confirm this association in the MESA population. Our results
were consistent with those reported by the Atherosclerosis Risk in Communities Study [11].
Though differences in these associations across the four ethnic groups were not statistically
significant, the association between retinal vascular diameter and incidence of hypertension
was significant only in whites but not in African–Americans, Hispanics, or Chinese Americans
(Table 2). It is likely this reflects smaller numbers in these subgroups.

The pathophysiological mechanisms underlying these associations are not entirely clear.
Retinal arteriolar narrowing has been associated with reduced large artery compliance [26,
27], which contributes to systolic hypertension. In the MESA, narrower retinal arteriolar
diameter was associated with increased aortic stiffness [26], as determined from magnetic
resonance imaging, and reduced large artery elasticity, as determined from pulse contour
analysis. These associations remained significant even after adjusting for age, blood pressure
(past and current), and other vascular risk factors [26]. However, the nature of these
associations (causal or not) cannot be determined by these previous studies, as they were based
on cross-sectional data [26]. It has also been hypothesized that the association of arteriolar
narrowing and reduced large artery compliance could be due to arterial and arteriolar wall
thickening, which may be accompanied by similar remodeling in the larger arteries [27].
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Strength of our study is the use of a community-based, multiethnic cohort. Also, we used a
standardized imaging technique to measure retinal vascular diameters, which enables us to
compare the results with other studies that used the same methodology. However, we cannot
differentiate whether the vessel diameter change was temporary or structural because our
measurement was based on a photograph taken at just one point at time. Other limitations
include a relatively short follow-up period and the fact that the outcomes were only assessed
at a single follow-up time point. It is also possible that our observed associations were
confounded by unmeasured characteristics or resulted from misclassification of hypertension
[37]. In addition, ethnic-related variations in the measurements of vessel diameters [38] may
affect our results in this multiethnic population. Although we had hoped to be able to determine
whether differences exist among the four racial/ethnic groups, our study lacked statistical
power to detect any statistically meaningful differences. We had estimated the association of
retinal vessels and incidence of hypertension would be OR of 1.8 or above, with statistical
power of 0.80 or above. However, the associations we found were less than OR of 1.7.
However, our findings suggest that further study to examine racial/ethnic differences in a larger
group of study participants is warranted.

In summary, we report an association of baseline retinal vascular diameter and retinopathy
signs with the incidence of hypertension over a 3-year period in a multiethnic community-
based cohort free of cardiovascular disease at baseline. These findings support a microvascular
involvement to the etiology of hypertension.
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ETDRS the Early Treatment Diabetic Retinopathy Study
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JNC-7 the Seventh Report of the Joint National Committee on Prevention, Detection,
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MABP mean arterial blood pressure
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OR odds ratio

ROC the receiver operator characteristics
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Fig. 1.
Incidence of hypertension (%) by age groups and vessel diameters (adjusted for sex and race).
CRAE, central retinal artery equivalent; CRVE, central retinal vein equivalent; 1Q–4Q, lowest
to highest quartiles.
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Fig. 2.
Incidence of hypertension (%) by deciles of central retinal artery equivalent.
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