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Abstract
Objective To examine the relation between diameters of the
retinal arterioles and 10 year incidence of hypertension.
Design Population based prospective cohort study.
Setting Beaver Dam eye study.
Participants 2451 normotensive people aged 43 to 84 years.
Main outcome measures Diameters of retinal arterioles and
venules measured from digitised photographs of the retina
taken at baseline. Measurements summarised as the
arteriole:venule ratio, with a lower ratio indicating smaller
arteriolar diameters. Incident hypertension, defined as systolic
blood pressure ≥ 140 mm Hg, diastolic blood pressure ≥ 90
mm Hg, or use of antihypertensive drugs during follow up.
Results 721 participants developed hypertension over a 10 year
period. Those with lower arteriole:venule ratio had a higher
cumulative incidence of hypertension (incidences of 17.4%,
24.1%, 31.0%, and 45.1%, respectively, for decreasing quarters
of distribution of arteriole:venule ratio). After adjustment for
age and sex, participants with arteriole:venule ratios in the
lowest quarter had a threefold higher risk of hypertension
(odds ratio 2.95, 95% confidence interval 2.77 to 3.88) than
those with ratios in the highest quarter. This association
remained significant after further adjustment for baseline
systolic and diastolic blood pressure and other risk factors (1.82,
1.39 to 2.40, for lowest versus highest ratio quarters).
Conclusions Narrowed retinal arterioles are associated with
long term risk of hypertension, suggesting that structural
alterations of the microvasculature may be linked to the
development of hypertension.

Introduction
Contemporary guidelines for the treatment of hypertension are
based on an empirical approach to lowering blood pressure, with
less emphasis on specific antihypertensive treatment.1 In part,
this is because of uncertainty about the basic pathophysiological
mechanisms of essential hypertension.2
A key pathological characteristic of hypertension is the presence of small vessel disease, specifically vasoconstriction and
narrowing of the peripheral small arteries and arterioles.3–7 Narrowing of these arterioles may contribute to the pathogenesis of
hypertension by increasing peripheral vascular resistance. However, it is unclear whether arteriolar narrowing precedes
development of hypertension or is merely a physiological
response of raised blood pressure.8 There have been no long
term prospective data showing a link between arteriolar narrowing and the subsequent risk of hypertension.8
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Measurement of the retinal arterioles offers a non-invasive
means to evaluate systemic associations of the human microcirculation in vivo. We have recently developed a computer based
method to measure retinal arterioles and venules from
photographic images.9 We examined the prospective association
between retinal arteriolar diameters and the 10 year incidence of
hypertension in a population based cohort of normotensive
people.

Methods
The Beaver Dam eye study has been described in detail
elsewhere.10–12 In brief, a private census of the population of Beaver Dam, Wisconsin, USA, was performed in 1987-8. Ninety nine
percent of the population is white. Of 5924 eligible individuals,
4926 participated in the baseline examination in 1988-90,10 3684
(81.1% of survivors) participated in the five year follow up
examination in 1993-5,11 and 2764 (82.9%) participated in the 10
year follow up examination in 1998-2000.12 Comparisons
between participants and non-participants at each of these
examinations have been reported elsewhere.10–12 Informed
consent was obtained from all participants.
To study the association between retinal vessel diameters and
incident hypertension we excluded those with pre-existing
hypertension at baseline (n = 1820), missing systolic or diastolic
blood pressure values (n = 13), missing important covariate
information (cigarette smoking (n = 11), glycosylated haemoglobin concentrations (n = 14), physical activity (n = 16), total or
high density lipoprotein cholesterol concentrations (n = 34)), or
ungradeable retinal photographs (n = 295), leaving 2451
normotensive individuals who contributed data to the current
analysis.
Measurement of retinal vessels
Methods used to measure and summarise retinal vessel
diameters from digitised photographs followed a standardised
protocol described elsewhere.13 14 In brief, 30° colour retinal
photographs of the right eye taken at baseline were digitised by
a high resolution scanner with standard settings. Graders
masked to the characteristics of participants used a computer
program to measure diameters of all arterioles and venules in a
specified zone surrounding the optic disc. These measurements
were combined into summary indices—the central retinal arteriolar and venular equivalents—which represented the average
arteriolar and venular diameters of that eye, respectively.14 These
were finally expressed as the retinal arteriole:venule ratio. The
ratio compensated for possible magnification differences
between eyes, and an arteriole:venule ratio of 1 indicated that
arteriolar diameters were, on average, the same as venular diampage 1 of 5
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eters in that eye, while a smaller ratio suggested narrower arterioles.14 Figure 1 shows examples of small (narrowed arterioles)
and large (normal arterioles) ratios. Reproducibility of these retinal measurements has been previously reported, with intraclass
correlation coefficients between and within graders ranging
from 0.78 to 0.99.14
Definitions of hypertension
A standardised interview and examination was performed at
each examination.15 Blood pressure was measured with a
random zero sphygmomanometer according to the hypertension detection and follow up programme protocol at each
examination.16 We used the average of two measurements for
analysis.
We defined hypertension as systolic blood pressure ≥ 140
mm Hg, diastolic blood pressure ≥ 90 mm Hg, or the combination of self reported diagnosis of high blood pressure and use of
antihypertensive drugs. Participants who met these criteria at
either the five year or 10 year follow up examination were
defined as having incident hypertension.
Definitions of other variables
Non-fasting blood specimens were obtained from all participants.15 Plasma concentration of glycosylated haemoglobin was
determined by using affinity chromatography, and serum
concentrations of total cholesterol and high density lipoprotein
cholesterol were determined by using enzymatic methods. We
defined participants as having diabetes mellitus if they had a history of diabetes or diabetes had been newly diagnosed (no medical history of diabetes mellitus in the presence of raised
glycosylated haemoglobin concentration and a random blood
sugar > 11 nmol/l).15 Whenever the diagnosis was in doubt we
consulted primary care physicians. We defined body mass index
as weight (kg)/height (m)2. Questions were asked relating to family income, education, physical activity, cigarette smoking, and
alcohol consumption. For alcohol consumption, one serving was
defined as 12 ounces (0.46 l) of beer, 4 ounces (0.12 l) of wine, or
1.5 ounces (0.04 l) of liquor or distilled spirits. The amounts of
alcohol from beer, wine, and liquor were summed to obtain the
average ounces of alcohol consumed from any source in a week.
Statistical analysis
We categorised retinal vessel data (retinal arteriole:venule ratio,
retinal arteriolar, and venular diameters) into quarters, with
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lower quarters indicating smaller ratios and vessel diameters. We
also analysed data on retinal vessels as continuous variables (for
example, per SD change in arteriole:venule ratio). We used logistic regression models to determine the odds ratio for incident
hypertension, controlling simultaneously for possible confounders. We constructed three models, the first adjusting for age and
sex; the second, additionally adjusting for diabetes, glycosylated
haemoglobin concentration, body mass index, physical activity
(number of times a week), total and high density lipoprotein
cholesterol concentrations, and cigarette smoking (pack years
smoked), and alcohol consumption (ounces per week); and the
third, further adjusting for baseline systolic blood pressure,
diastolic blood pressure, and pulse pressure. We repeated these
analyses by using linear regression models of the retinal
arteriole:venule ratio and the percentage change in systolic and
diastolic blood pressure (log transformed) between baseline and
the 10 year examination.
To examine the combined effect of baseline blood pressure
and retinal arteriole:venule ratios on the risk of incident
hypertension, we stratified the cohort into eight groups by baseline blood pressure (“normal” blood pressure and “prehypertension”) and retinal arteriole:venule ratio quarters. “Normal”
baseline blood pressure was defined as systolic < 120 mm Hg
and diastolic < 80 mm Hg and “prehypertension” as systolic
120-139 mm Hg or diastolic 80-90 mm Hg, according to the
seventh joint national committee on the prevention, detection,
evaluation, and treatment of high blood pressure classification.17

Results
Table 1 shows baseline characteristics of participants, according
to arteriole:venule ratio. Lower arteriole:venule ratios were associated with older age, male sex, diabetes, higher glycosylated haemoglobin concentration, higher systolic and diastolic blood
pressure, higher body mass index, higher total cholesterol
concentration, lower high density lipoprotein cholesterol
concentration, cigarette smoking, and alcohol consumption.
Over the 10 year period 721 people developed hypertension.
After adjustment for age and sex, those who developed incident
hypertension had significantly lower mean baseline arteriole:venule ratio (0.69 v 0.72, P < 0.001) and smaller retinal arteriolar
diameter (166.0 m v 172.5 m, P < 0.001) compared with those
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Fig 1 Retinal photographs showing normal retinal arterioles with arteriole:venule ratio of 1.08 (left) and narrowed retinal arterioles with arteriole:venule ratio of 0.64
(right)
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Quarter of retinal arteriole:venule ratio*
1 (n=612)

2 (n=612)

3 (n=613)

4 (n=614)

62.1

58.9

59.9

59.6

Age (years)
No (%) of men

295 (48.2)

288 (47.1)

280 (45.7)

5.0

5.1

5.0

5.1

Length of schooling (years)

12.0

12.2

12.9

12.2

43 (7.1)

Glycosylated haemoglobin (%)

38 (6.2)

33 (5.4)

<0.001

265 (43.1)

Family income ($10 000‡)
No (%) with diabetes

P value†
<0.001
0.07
0.08

31 (5.1)

<0.001

6.7

5.9

5.7

5.4

<0.001

Systolic blood pressure (mm Hg)

129.2

127.1

122.8

120.2

<0.001

Diastolic blood pressure (mm Hg)

77.3

75.4

75.2

72.0

<0.001

Body mass index (kg/m2)

28.4

28.2

28.1

26.2

0.05

Total cholesterol (mmol/l)

6.0

5.9

5.9

5.9

0.05

HDL cholesterol (mmol/l)

1.3

1.4

1.4

1.4

0.06

Cigarette smoking (pack years)

20.8

18.9

18.1

14.2

<0.001

Alcohol intake (ounces/week)§

4.8

4.4

4.1

3.4

0.05

*Ranges: 1st=0.50-0.67, 2nd=0.68-0.71, 3rd=0.72-0.75, 4th=0.76-1.04.
†For test of difference in characteristics by arteriole:venule ratio quarters based on analysis of variance or 2 tests as appropriate.
‡£5684 (€8413).
§See text.

who did not develop hypertension. In contrast, baseline retinal
venular diameter was similar in participants who did and did not
develop hypertension (241.0 m v 241.7 m, P = 0.17).
Table 2 shows the incidence and odds ratio for incident
hypertension in relation to the retinal arteriole:venule ratio.
After we controlled for age and sex, participants with an
arteriole:venule ratio in the first (lowest) quarter were three times
as likely to develop hypertension than those with a ratio in the
fourth quarter (odds ratio 2.95, 95% confidence interval 2.27 to
3.85). Further adjustment for risk factors associated with hypertension had minimal impact on this association (2.72, 2.08 to
3.54). This association was attenuated but remained significant
even after further adjustment for baseline systolic and diastolic
blood pressure and pulse pressure (1.82, 1.39 to 2.40). The
pattern of association for retinal arteriolar diameter was
essentially similar to that of the arteriole:venule ratio, but retinal
venular diameter was unrelated to incident hypertension (see
table A on bmj.com).
When we stratified data according to baseline blood pressure,
participants who were classified as “pre-hypertensive” and who
had lower arteriole:venule ratios were more likely to develop
hypertension than people with “normal” baseline blood pressure
and higher arteriole:venule ratio (fig 2).
When we analysed the arteriole:venule ratio as a continuous
variable, each SD decrease (a decrease of 0.07) was associated
with a 30% increase in odds of hypertension (table 3). We examined for possible interaction with sex and other risk factors for
hypertension (diabetes, body mass index, waist:hip ratio,
cigarette smoking, and alcohol consumption) by stratification
(table 3) and by inclusion of cross product terms in the logistic

regression models. We did not find significant interactions (all
cross product terms P > 0.20).
Finally, we constructed multiple linear regression models of
retinal arteriole:venule ratio and change in blood pressure
between baseline and the 10 year follow up. After we excluded
participants taking antihypertensive medications at the follow up
examinations, baseline retinal arteriole:venule ratio was inversely
associated with a 10 year change in blood pressure (see table B
on bmj.com). When we included the blood pressures of those
who were taking antihypertensive medications at the follow up
examinations, the magnitude of this inverse association was
attenuated, as expected, but remained significant (P < 0.05).

Discusssion
In this prospective cohort study we showed that smaller retinal
arteriolar diameter is associated with increased risk of hypertension over a 10 year period. After we controlled for age, sex, preexisting systolic and diastolic blood pressure, diabetes, body mass
index, and other risk factors for hypertension, people with an
arteriole:venule ratio in the lowest quarter were about 80% more
likely to develop hypertension than those with a ratio in the
highest quarter. Furthermore, each SD reduction in the
arteriole:venule ratio was associated with a 30% increased risk of
hypertension, independent of baseline blood pressure and other
risk factors.
Experimental studies have long indicated that peripheral
arteriolar constriction and increased vascular resistance are classic features of essential hypertension. Narrowed small arterioles
may cause hypertension by increasing peripheral vascular resist-

Table 2 Odds ratio (95% confidence interval) for incident hypertension in relation to retinal arteriole:venule ratio
Incident hypertension
Ratio

No at risk

No of cases

Adjusted for age and sex

Multivariable*

Multivariable†

1st quarter

612

276

2.95 (2.27 to 3.85)

2.72 (2.08 to 3.54)

1.82 (1.39 to 2.40)

2nd quarter

612

190

2.05 (1.57 to 2.69)

1.91 (1.46 to 2.51)

1.47 (1.11 to 1.95)

3rd quarter

613

148

1.17 (0.87 to 1.55)

1.13 (0.85 to 1.51)

4th quarter

614

107

2451

721

1 SD decrease

1‡
1.54 (1.38 to 1.72)

1‡
1.50 (1.34 to 1.68)

0.98 (0.73 to 1.32)
1‡
1.31 (1.18 to 1.45)

*Further adjusted for diabetes, glycosylated haemoglobin, body mass index, physical activity, total and high density lipoprotein cholesterol concentrations, cigarette smoking, and alcohol
consumption.
†Further adjusted for systolic and diastolic blood pressure and pulse pressure.
‡Reference.
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Table 1 Baseline characteristics of study population in relation to retinal arteriole:venule ratio. Figures are means unless stated otherwise

4.0

Prehypertension

Normal

3.5
3.0
2.5
2.0
1.5
1.0

REF

0.5
0

4th quarter

3rd quarter

2nd quarter

1st quarter

Artriole:venule ratio

Fig 2 Odds ratios for incident hypertension associated with baseline blood
pressure (normal, prehypertensive) and arteriole:venule ratio quarters, adjusted
for variables listed in table 3. Reference group (REF) is normal blood pressure
and fourth (highest) quarter of arteriole:venule ratio

ance and haemodynamic load. However, partly because of a lack
of prospective studies, there is no clear consensus as to whether
reduced arteriolar size arises as an adaptive consequence of
raised blood pressure or is a pathogenic factor in the
development of hypertension.1–9 Our study now provides
longitudinal data in a large unselected cohort of normotensive
people to support the concept that arteriolar narrowing
precedes the subsequent development of hypertension.
Narrowing of the retinal arterioles seen clinically reflects intimal thickening and medial hyperplasia, hyalinisation, and sclerosis seen histopathologically.18 We have previously shown that
such narrowing is not only associated with raised blood pressure
but also with systemic markers of inflammation and possibly
endothelial dysfunction.19 It is therefore possible that microvascular narrowing due to these mechanisms is involved in the
pathogenesis of hypertension.

Table 3 Odds ratio (95% confidence interval) for incident hypertension per
SD decrease in retinal arteriole:venule ratio, stratified by risk factors
Incident hypertension

All

No at risk

No of cases

OR* (95% CI) per SD
decrease in ratio

2451

721

1.31 (1.18 to 1.45)

Sex:
Men

1077

294

1.52 (1.28 to 1.87)

Women

1367

427

1.19 (1.04 to 1.36)

No

2303

663

1.31 (1.18 to 1.47)

Yes

148

58

1.24 (0.85 to 1.92)

Low (<28)

1326

330

1.33 (1.13 to 1.58)

High (≥28)

1118

391

1.28 (1.10 to 1.49)

Diabetes:

Body mass index (kg/m2):

Waist:hip ratio:
Low (<0.94)

1738

491

1.28 (1.12 to 1.45)

High (≥0.94)

706

230

1.38 (1.12 to 1.70)
1.23 (1.06 to 1.43)

Cigarette smoking:
1065

326

Previous

Never

832

251

1.33 (1.10 to 1.62)

Current

547

144

1.50 (1.16 to 2.01)

Current alcohol intake:
No

280

86

1.07 (0.80 to 1.45)

Yes

2164

635

1.34 (1.19 to 1.50)

*Adjusted for age, sex, diabetes, glycosylated haemoglobin, body mass index, physical
activity, total and high density lipoprotein cholesterol concentrations, cigarette smoking,
alcohol consumption, systolic and diastolic blood pressure, and pulse pressure in logistic
regression models.
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There are few studies for direct comparison. The atherosclerosis risk in communities study also found that narrowed retinal
arteriolar diameter was associated with an increased risk of
hypertension developing over a three year period in 5628
normotensive people (multivariable adjusted relative risk 1.62,
95% confidence interval 1.21 to 2.18, comparing lowest to highest fifths of arteriole:venule ratio).20 That study, however, was limited by a relatively short interval to follow up. We had a
considerably longer follow up, and our results provide stronger
evidence that reduced retinal arteriolar diameter precedes the
long term risk of hypertension.
We have shown that combined exposure to higher
pre-existing blood pressure at baseline and narrowed arterioles
was associated with a higher risk of hypertension than the effect
of either alone (fig 2). This supports the theory that higher blood
pressure might cause arteriolar vasoconstriction, vascular
remodelling, and greater peripheral vascular resistance, leading
to further increases in blood pressure and the maintenance of
the hypertensive state.2 21
Limitations
Several limitations of this study should be highlighted. Firstly,
blood pressure measurements taken once during each five year
interval may have resulted in some misclassification of hypertension. However, we have no reason to believe that potential
misclassification error would substantially bias our results
(except towards the null). Secondly, residual confounding from
pre-existing hypertension or other unmeasured factors may
explain some of these associations. For example, the strength of
the association between arteriolar narrowing and risk of
hypertension was substantially weakened after we adjusted for
baseline blood pressure, suggesting that baseline blood pressure
was an important confounder. Finally, selective mortality may
have masked some associations. If people with reduced arteriolar
diameters who were at risk of developing hypertension were
more likely to die before the follow up examinations, these associations could be falsely attenuated. Strengths of our study
include its population based nature, long follow up, quantitative
evaluation of retinal arteriolar diameters, and standardised
measurement of blood pressure.
Clinical implications
Our results may have potential clinical implications. There is
increasing recognition of the value of specifically targeting the
microcirculation in the prevention and treatment of hypertension and its complications.22 23 For example, there is some
evidence that angiotensin converting enzyme inhibitors have
direct beneficial effects on microvascular structure and may have
therapeutic value in preventing cardiovascular morbidity beyond
that of lowering blood pressure.24 Our study indicates that
further research to evaluate approaches to treatment focused on
the microcirculation may be important.
In conclusion, our study shows a prospective association
between reduced retinal arteriolar diameters and the 10 year
incidence of hypertension in the general population. Arteriolar
narrowing and factors related to this microvascular change may
be linked to the development of hypertension.
These data were presented at the 44th Annual Conference on Cardiovascular Disease Epidemiology and Prevention, American Heart Association, San
Francisco, March 2004.
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Narrowing of the small blood vessels may have a role in the
pathogenesis of hypertension, though few prospective trials
support such a hypothesis

What this study adds
People with smaller retinal arteriolar diameters are more
likely to develop hypertension than people with larger
arteriolar diameters, independent of known risk factors for
hypertension
This finding suggests that narrowed arterioles are
associated with the development of hypertension and
therefore that small vessel disease may be a target for
antihypertensive treatment
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