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Abstract

Objective—To describe how retinal venular diameter changes over time for an individual and to
examine differences in these changes among people with different risk profiles.

Design—~Population-based cohort study.

Participants—4600 persons aged 43-86 years from the Beaver Dam Eye Study who participated
in at least 1 examination and had venular diameter measured in the right eye.

Methods—Data from 4 examinations over 15 years were analyzed. Retinal venular diameter was
measured from photographs at each examination by computer-assisted methods and summarized
as the central retinal venular equivalent (CRVE). Associations of risk factors to concurrent CRVE
measurements and changes in CRVE over time were determined using multivariate analyses.

Main Outcome Measure—CRVE.

Results—CRVE tended to narrow with age. Mean CRVE was about 5 pm smaller (225 vs. 230
um) for the average 70-year-old compared to the average 50-year-old, and was about 13 ym
smaller (217 vs. 230 um) for the average 85-year-old compared to the average 50-year-old. Male
sex (beta estimate [B]=5.34; 95% confidence interval [CI] 3.58, 6.90), current smoking (=9.38;
95% CI 8.26, 10.49), and higher white blood cell count (per 1000/uL: p=0.95; 95% CI 0.74, 1.16)
were independently associated with larger concurrent CRVE while higher mean arterial blood
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pressure (per 5 mmHg: =-0.36; 95% CI —-0.50, —0.23) and higher high-density lipoprotein
cholesterol (per 10 mg/dL: =-0.89; 95% CI -1.15, —0.63) were independently associated with
smaller concurrent CRVE. History of cardiovascular disease (p=-0.16; 95% CI —0.26, —0.06) and
presence of chronic kidney disease (p=-0.20; 95% CI —0.34, —0.05) were associated with a greater
decrease in CRVE over time.

Conclusions—These data show that retinal venular diameter tended to narrow with age, and
that concurrent venular diameter is independently associated with sex, blood pressure, high-
density lipoprotein cholesterol, white blood cell count, and current smoking, and change in CRVE
is independently associated with a history of cardiovascular disease and presence of chronic
kidney disease. The different independent effects of these interrelated factors on CRVE highlight
the complex relationship between systemic diseases and conditions and CRVE, and the difficulty
in determining specific causes of change in CRVE over time.

The retinal microvasculature has been used as a “window into the body” to study the
relationship of ocular and systemic diseases and conditions on the microvasculature. The
central retinal venular equivalent (CRVE), a measure of retinal venular diameter, has been
shown to be related to various systemic and environmental factors including diabetes,
hyperglycemia and the metabolic syndrome, serum total cholesterol and inflammatory
markers, body mass index (BMI), and smoking,1~13 and when considered independently of
these risk factors is related to coronary heart diseasel* and stroke.15-17

However, many of these relationships are cross-sectional, and it is unclear if changes in a
risk factor (e.g., glucose levels) cause changes in CRVE, or vice versa, or if a common
factor causes changes in both. Furthermore, it has been observed that retinal vessel diameter
tends to be smaller in older individuals?818; however, to our knowledge, no longitudinal
studies have yet described how CRVE tends to change for an individual over the course of
his or her life and what factors might be related to those changes. The purpose of this report
is to describe how CRVE changes with age over 15 years and to examine factors related to
those changes. This report makes use of data from 4 examinations, each spaced 5 years
apart, in the population-based Beaver Dam Eye Study (BDES).

METHODS

Population

A private census of Beaver Dam, Wisconsin, was performed in 1987-1988 to identify all
residents 43-84 years of age.1® Four thousand nine hundred and twenty-six of 5924 persons
identified participated in the baseline examination (exam 1) in 1988-1990. Ninety-nine
percent of the population was white and 56% was female. The cohort was re-examined at 5-
(n=3722), 10- (n=2962), and 15-year (n=2375) follow-up examinations (exam 2, exam 3,
and exam 4, respectively). There was greater than 80% participation among survivors at
each examination.1®-22 Differences between participants and nonparticipants have been
presented elsewhere.1%-22 |n general, participants at each examination were younger, had
lower blood pressure, and had fewer co-morbid conditions at baseline than nonparticipants.
Informed consent was obtained from each participant before every examination. All data
were collected with Institutional Review Board approval from the University of Wisconsin-
Madison in conformity with all federal and state laws, the work was compliant with the
Health Insurance Portability and Accountability Act (HIPAA), and the study adhered to the
tenets of the Declaration of Helsinki.

Procedures

Participants underwent a standardized interview and examination using the same protocols
for measurements each time.23 A questionnaire was administered that included questions on
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the history of physician-diagnosed diabetes, cigarette smoking, hypertension, and use of
medications (e.g., blood pressure lowering, statins, nonsteroidal anti-inflammatory drugs
[NSAIDs]). Height, weight, and blood pressures were measured. Intraocular pressure was
measured using applanation tonometry. The number of years smoked and length of time
since quitting smoking were determined from self-report.

Serum total and high density lipoprotein (HDL) cholesterol, glycosylated hemoglobin, and a
complete blood count were determined.242% At all examinations, additional blood samples
were stored at —80°C until the time of laboratory analysis. Frozen samples from baseline
were analyzed for serum creatinine, soluble vascular cell adhesion molecule-1, serum 8-
isoprostane and high sensitivity C-reactive protein (CRP).26:27 The Modification of Diet in
Renal Disease study equation was used to determine estimated glomerular filtration rate
(eGFR).%6

Participants’ pupils were pharmacologically dilated. A slit-lamp camera (Topcon America
Corporation, Paramus, NJ) was used to photograph the lens of each eye, and the photographs
were graded for the presence and severity of nuclear sclerosis.2® Stereoscopic 30° color
fundus photographs centered on the disc (Diabetic Retinopathy Study standard field 1) were
obtained for each eye.29:30 Age-related macular degeneration (AMD) was graded according
to the Wisconsin Age-Related Maculopathy Grading System.31:32

Retinal vessels were measured from the digitized images of standard field 1 using a
semiautomated computer program designed for this project (IVAN, University of
Wisconsin- Madison, Ferrier NJ) and summarized as central retinal arteriolar equivalent
(CRAE) and CRVE.33:34 In brief, the grading protocol required vessel diameters from the
six largest arterioles and six largest venules located in a zone 0.5 to 1.0 disc diameters from
the disc margin.343> All fundus photographs were taken on a single camera and graded by
one of four vessel measurement graders at the University of Wisconsin Ocular
Epidemiology Reading Center. Every 6 months, the graders measured a sample of 50 eyes to
determine inter- and intra-grader variability; intraclass correlation coefficients were
extremely high (>0.90) for both inter- and intra-grader comparisons for both arteriolar and
venular measurements. When grading the same eye, the average standard deviation of the
measurement of CRVE among the graders was 2.44 ym (95% ClI 2.06, 2.82 um).

Image quality was evaluated as good, fair, or poor. Nuclear sclerosis was graded by
comparing images to standard photographs using a 5-step scale and categorized as <2, 3, >3,
or cataract surgery. Refraction was categorized as moderately to highly myopic (<-3
diopters), mildly myopic (-3 to —1 diopters), emmetropic (-1 to 1 diopters), mildly
hyperopic (1 to 3 diopters), and hyperopic (>3 diopters). Current smokers were identified as
persons having smoked =100 cigarettes in their lifetime and were smoking at the time of the
examination. Past smokers had smoked >100 cigarettes in their lifetime but had stopped by
the time of the examination. Pack-years was defined as the average number of cigarettes
smoked per day divided by 20, then multiplied by the number of years smoked. BMI was
defined as weight in kilograms divided by the square of height in meters. Current heavy
drinking was defined as consuming >4 servings of alcoholic beverages daily.

Total glycosylated hemoglobin was determined using affinity chromatography (Isolab Inc.,
Akron, OH, USA)36 at exams 1 and 2 and by ion capture assay (Abbott Laboratories, Abbott
Park, IL, USA) at exam 3. Diabetes was defined as self-report of diabetes with treatment or
elevated glycosylated hemoglobin level. White blood cell (WBC) count and hematocrit level
were determined by the Coulter counter method. Mean arterial blood pressure (MABP) was
defined as systolic blood pressure + (2 x diastolic blood pressure) + 3. Hypertension was
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defined as systolic blood pressure >140 mmHg and/or diastolic blood pressure >90 mmHg
and/or antihypertensive medication use. History of cardiovascular disease (CVD) was
defined as a history of a myocardial infarction, angina, stroke, or brain hemorrhage. Chronic
kidney disease (CKD) was defined as eGFR of <45 mL/min/1.73 m?,

Statistical Methods

Results are presented for the right eye only. Eyes in which one of the 6 largest venules was
ungradable were excluded. Retinal photographs taken with non-Zeiss cameras, or eyes with
late AMD, photocoagulation, photodynamic or any intravitreal treatment for AMD, retinal
vessel occlusions, retinopathy, macular edema, or other pathology were excluded.

All analyses were performed with SAS version 9.2 (Cary, NC). Figure 1 was created by
plotting the mean CRVE for all individuals at a given age, ignoring visit, and a local
estimation line was fit using SAS PROC SGRENDER. In Figure 2 (available at http://
aaojournal.org), change in CRVE was calculated by subtracting CRVE at the beginning of a
5-year interval from CRVE at the end of that interval (e.g., CRVE at exam 2 minus CRVE at
baseline, CRVE at exam 3 minus CRVE at exam 2) and categorized by age at the beginning
of the interval.

The relationship of each risk factor to CRVE was modeled using a multilevel model for
change3’ implemented with SAS PROC MIXED. This model was used because it allowed
for summarization of the way CRVE changes over time for an individual and examination of
differences in these changes between people with different risk profiles. Each model
contained a term that measured the association between each risk factor and concurrent
CRVE (both measured at the same examination) and a separate term that measured the
association between each risk factor and change in CRVE over time. The data were
structured in a person-period dataset where each participant had multiple records, one for
each examination. An unstructured error covariance matrix accounted for correlation
between measurements from the same individual. Age centered at 65 years (the overall
mean age in our population across all exams) was used as the time scale.

Each risk factor was first modeled separately; those model results were then used to test
hypotheses about the relationship of each risk factor to CRVE and to create plots that
showed each relationship graphically. All models additionally adjusted for image focus,
cataract status (presence of nuclear cataract in categories described above, or cataract
surgery), refraction, and height centered at 65 inches. To test whether there was a quadratic
effect of age on CRVE, all of the individual risk factor models were re-run using an age-
squared transformation, and the Akaike information criterion (AlC) was compared to the
same model where age was entered as a linear term. Using the transformed values of age did
not improve the fit of any model.

We plotted the estimated trajectory of CRVE for an individual from ages 43 to 90 years,
derived from the individual risk factor models described above, assuming good image focus,
no cataract, emmetropic refraction, and height of 65 inches. For dichotomous risk factors,
we plotted the expected trajectory for an individual with and without a risk factor (e.g., a
current smoker vs. a non-smoker). For continuous risk factors, we plotted the expected
trajectory for individuals with high and low values of the risk factor. The lines on the figures
assume that the measurement of the risk factor is constant over time, but they can be used to
estimate effects of change in the risk factor at a certain age. For example, if an individual
stopped smoking at age 65, the trajectory of his/fher CRVE would be expected to follow that
of a current smoker from ages 43-65 and then change to that of a non-smoker from ages 65—
90.
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Because of collinearity among several predictors (MABP and hypertension; creatinine,
eGFR, and presence of CKD; CRP and WBC count), we created several multivariate models
with all risk factors that were significant individually (also adjusting for image focus,
cataract status, refraction, and height) and used backward selection until a set of final
models where all the terms were significant was determined. We then compared the
resulting models and selected the one with the lowest AIC as our final multivariate model.

In order to utilize data from all 4 exams in our multivariate models, in cases where a
variable was not measured at every exam, the missing values were imputed to be the same as
at the time the variable was last measured. For example, because serum total cholesterol was
not measured at exam 4, we imputed its value to be the same as it was at exam 3 for each
individual.

Of the 4926 individuals who participated in the BDES exam 1, 4739 had gradable CRVE in
the right eye. Of these, 12 were excluded because their photos were taken using a non-Zeiss
camera, 63 because late AMD or treatment for AMD was present, 18 because retinal vessel
occlusion was present, 81 because moderate to severe nonproliferative or proliferative
retinopathy (ETDRS severity = level 31) or macular edema was present, and 47 because
other ocular pathology was present, leaving 4518 individuals who contributed data for exam
1. Similarly, 3242 of 3494 participants with gradable CRVE at exam 2, 2349 of 2569
participants with gradable CRVE at exam 3, and 1820 of 2191 participants with gradable
CRVE at exam 4 contributed data to the analysis of change in CRVE. In total, 4600 unique
participants were included in the analyses.

Characteristics of these individuals are displayed in Table 1 (available at http://
aaojournal.org). Controlling for age, participants at later exams had narrower CRVE, lower
MABP, lower serum total and HDL cholesterol, and a lower frequency of current smoking
and nuclear sclerosis. Participants at later exams had greater BMI, higher glycosylated
hemoglobin levels, and higher frequencies of cataract surgery, history of taking aspirin and
NSAIDs, diabetes, CVD, and CKD. Percentages of men and women were similar among
participants at earlier and later exams.

Figure 1 shows the relationship between mean CRVE and age aggregated over all 4
examinations. Mean CRVE was about 5 pm smaller (about 225 pm vs. 230 um) for the
average 70-year-old compared to the average 50-year-old, and was about 13 pm smaller
(about 217 um vs. 230 pm) for the average 85-year-old compared to the average 50-year-
old. CRVE tended to decrease over a 5-year interval and was not significantly different in
the 3 youngest age groups; however, the mean 5-year decrease in CRVE was greater (more
negative) for individuals over 80 years old compared to individuals less than 60 years old
(P<0.01, Figure 2 [available at http://aaojournal.org]). Change in CRVE was small
compared to the standard deviation for change. For example, change in CRVE for the
youngest age group was —3.4 um and the standard deviation was 13.5 pm.

Table 2 presents relationships of risk factors with concurrent CRVE and the change in
CRVE over time. Figure 3 shows the expected CRVE for ages 43 to 90, stratified by risk
level for selected characteristics in Table 2. Figure 4 (available at http://aaojournal.org)
shows the relationships of all risk factors that were statistically significantly related to
concurrent CRVE or change in CRVE.

Being male (Figure 3A, beta estimate [B]=7.12, 95% confidence interval [CI] 5.45, 8.81),
having higher glycosylated hemoglobin (per 1%: p=0.39; 95% CI 0.12, 0.66), being a
current smoker (Figure 3B; p=9.55, 95% CI 8.40, 10.70), and having a higher eGFR (per 1
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mL/min/1.73 m2: B=0.02, 95% CI 0.001, 0.04) were associated with larger concurrent
CRVE but not change in CRVE.

Higher MABP (Figure 3C; per 5 mmHg: p=-0.33, 95% CI —-0.46, —0.20), higher HDL
cholesterol (Figure 3D; per 10 mg/dL: B=-1.08, 95% CI -1.33, —0.83), and NSAID use (=
-1.50, 95% CI —2.02, —0.98) were associated with smaller concurrent CRVE but not change
in CRVE.

Presence of hypertension (p=-0.07, 95% CI —0.13, —0.01) and presence of CKD (Figure 3E;
p=-0.21; 95% CI -0.35, —0.07) or higher serum creatinine (per 1 mg/dL: p=-0.17; 95% ClI
-0.29, -0.04) were associated with a greater decrease in CRVE over time but not concurrent
CRVE. Higher serum total cholesterol (per 20 mg/dL: p=0.02; 95% CI 0.01, 0.03) was
associated with a smaller decrease in CRVE over time but not with concurrent CRVE.

Greater BMI was associated with larger concurrent CRVE (per 3 kg/m?: =0.33; 95% ClI
0.08, 0.58) and with a less negative change in CRVE over time (per 3 kg/m2: p=0.03; 95%
Cl1 0.01, 0.05). Regular aspirin use had a borderline significant relationship with larger
concurrent CRVE (B=0.55; 95% CI —0.08, 1.18) and was associated with a greater decrease
in CRVE over time (B=-0.06; 95% CI —-0.12, -0.001). Similarly, history of CVD (Figure
3F; p=0.96; 95% CI —0.15, 2.06), higher WBC count (Figure 3G; per 1000/pL: p=1.19; 95%
Cl1 0.98, 1.40), and higher CRP (per mg/L: $=0.16; 95% CI 0.10, 0.21) were associated with
larger concurrent CRVE and with a greater decrease in CRVE (CVD present: $=—0.11; 95%
Cl -0.20, —0.02; WBC per 1000/uL: p=-0.01; 95% CI -0.03, -0.001; CRP per mg/L: =
-0.007; 95% CI -0.01, -0.001).

In a sub-analysis of past and current smokers, more pack-years smoked (per 5 pack-years:
=0.40; 95% CI 0.30, 0.50) and more years smoked (per 5 years: p=1.23; 95% CI 1.02,
1.44) were both associated with larger concurrent CRVE and a greater decrease in CRVE
over time (per 5 pack-years: $=—0.01; 95% CI -0.02, —0.003; per 5 years: p=-0.04; 95% CI
-0.05, -0.02). In a further sub-analysis of past smokers, the number of years since stopping
smoking was related to smaller concurrent CRVE (Figure 3H; per 5 years: p=—0.98; 95% ClI
-1.25, -0.71) and a greater decrease in CRVE over time (per 5 years: f=-0.02; 95% CI
-0.04, 0.002).

Intraocular pressure, presence of diabetes, history of heavy drinking, serum 8-isoprostane,
and soluble vascular cell adhesion molecule -1 were not related to concurrent CRVE or
change in CRVE. Model results for individual risk factors were similar when imputed data
was not used.

We combined all significant terms into a set of multivariate models as described earlier and
arrived at one final multivariate model. Models including MABP had a lower (better) AIC
compared to models with hypertension, models including WBC count had lower AIC
compared to models with CRP, and models including presence of CKD had lower AIC than
models with eGFR or serum creatinine. Male sex (B=5.34; 95% CI 3.58, 6.90), current
smoking ($=9.38; 95% CI 8.26, 10.49), and higher WBC count (per 1000/pL: $=0.95; 95%
Cl 0.74, 1.16) were independently associated with larger concurrent CRVE while higher
MABP (per 5 mmHg: p=-0.36; 95% CI —0.50, —0.23) and higher HDL cholesterol (per 10
mg/dL: B=-0.89; 95% CI -1.15, —0.63) were independently associated with smaller
concurrent CRVE (Table 3). History of CVD (p=-0.16; 95% CI —0.26, —0.06) and presence
of CKD (p=-0.20; 95% CI —0.34, —0.05) were independently associated with a greater
decrease in CRVE over time but not concurrent CRVE.
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Additional adjustment for CRAE in the multivariate model did not alter the relationship
between any risk factor and CRVE, except that greater MABP became significantly
associated with larger rather than smaller CRVE (per 5 mmHg: p=0.46; 95% CI 0.34, 0.58).

Model results were similar when data was limited to values that were not imputed (data not
shown).

DISCUSSION

The BDES offered an opportunity to examine associations of various factors (e.g., smoking
status, serum total and HDL cholesterol, glycosylated hemoglobin level, inflammatory
markers) previously shown to be associated with CRVE to changes in CRVE over time. Our
study shows that CRVE tended to decrease with age, and many factors were related to
concurrent CRVE and change in CRVE. However, in multivariate analysis, few of these
relationships persisted, especially relationships with change in CRVE. Adjusting for image
focus, cataract status, refraction, and height, and using age as the time scale, we found that
sex, MABP, serum HDL cholesterol, history of current smoking, and WBC count were
independently associated with concurrent retinal venular diameter, and history of CVD and
presence of CKD were associated with change in retinal venular diameter over time.

We found a relationship between 2 measures of generalized inflammation, higher WBC
count and higher serum CRP, and wider concurrent CRVE. This result is consistent with
previous findings from the Rotterdam Study, the Multi-Ethnic Study of Atherosclerosis, the
Atherosclerosis Risk in Communities study, and in a multi-ethnic Asian population.1-4:8.9
While the mechanism behind these associations remains unclear, they may be related to
disruption of the endothelial surface layer by oxidized low density lipoproteins or activated
leukocytes.1~3:9:38 Our study found that WBC count is a stronger predictor of CRVE than
CRP. In multivariate analysis, CRP drops out of the multivariate model when both CRP and
WBC are included, and, comparing models with the same control variables, the model with
WABC count alone had a lower AIC than the model with CRP alone. The reason for this is
uncertain, since CRP has been extensively used as a nonspecific biomarker of inflammation
and is associated with CVD and other vascular diseases.

In our study, smoking was also associated with a wider concurrent venular diameter, an
effect consistent with previously reported associations of current smoking with wider

CRVE. 13941 smoking-induced increase in nitrous oxide production, potassium channel
activation,3? and possible elastic tissue degeneration might also explain this
association.40-43 The effect of smoking may also be mediated by an inflammatory effect.
Ikram et al. have hypothesized that inflammation secondary to smoking may disrupt and thin
the endothelial surface layer, thereby increasing the apparent intraluminal caliber of retinal
blood vessels.> Our sub-analysis in past smokers suggests that the longer the period of time
since stopping smoking, the more the widening effect on the retinal venules is reversed.

Several previous studies have observed the relationship of increased BMI to wider
concurrent CRVE.#844 BMI may be a marker of systemic inflammation, as the relationship
of BMI and CRVE and change in CRVE was attenuated after adjusting for other potential
factors associated with inflammation such as measures of CKD (serum cystatin C and
creatinine levels) and smoking status. The underlying reasons for the inverse association of
change in BMI with CRVE are unclear. This may possibly represent regression to the mean
or be a result of unmeasured confounding (e.g., change in estrogen levels) associated with
changing BMI.

We hypothesized that NSAID use would be associated with narrowing of the CRVE due to
its anti-inflammatory effect. We did not find an independent association of any
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antiinflammatory agents with CRVE. Few studies have examined this. In a cross-sectional
analysis, NSAID use in general was shown to be related to wider CRVE in the BDES,*4
although the Blue Mountains Eye Study did not find an association of aspirin use with
CRVE.*> When we excluded WBC count, a measure of systemic inflammation for which
NSAIDs may have been taken, from the multivariate model, NSAID use became
independently associated with smaller concurrent CRVE but not change in CRVE, and in a
separate multivariate model excluding WBC count, aspirin use specifically was associated
with a greater decrease in CRVE over time but not concurrent CRVE (data not shown).

We found a significant association between increased glycosylated hemoglobin and wider
concurrent CRVE, which did not persist in multivariate analysis. This is consistent with
crosssectional findings from different studies that glycemia is associated with wider
CRVE,810-12 3n(d that wider CRVE may be associated with an increased incidence of
diabetes.*6 However, glycosylated hemoglobin but not diabetes status was associated with
wider concurrent CRVE over time, an observation consistent with some studies in Asian
populations.1911 |n the Multi-Ethnic Study of Atherosclerosis, the association of CRVE
with diabetes was only present in Hispanics and Chinese.12 Including diabetic persons with
moderate to severe nonproliferative retinopathy or proliferative retinopathy in the analyses
did not change these relationships (data not shown).

Higher HDL cholesterol was independently associated with smaller concurrent CRVE,
which is consistent with findings from the Rotterdam Study, the Multi-Ethnic Study of
Atherosclerosis, the Atherosclerosis Risk in Communities study, and earlier cross-sectional
results from the BDES.1-48 We also found an association between history of CVD and more
narrowing of CRVE over time but not concurrent CRVE. While other studies have found
relationships between markers of CVD risk and wider CRVE, X448 to our knowledge no
other studies have examined CRVE in individuals with and without a history of CVD. The
relationship of CVD with narrowing CRVE may be a result of selective survival, i.e.,
persons with CVD who have wider CRVE may be more likely to die sooner than those with
CVD who have narrower CRVE. In our study we found that while adjusting for age and sex,
individuals with CVD and larger CRVE at one exam were more likely not to participate at
the next exam (P<0.01).

We found a relationship between higher MABP and smaller concurrent CRVE, which is
likely to be a result of the effect of hypertension on ocular blood flow similar to
observations of the central retinal arteriole equivalent (CRAE). However, when CRAE was
added to the final multivariate model, the relationship between MABP and CRVE was
reversed, i.e., higher MABP became significantly associated with wider CRVE. A larger
CRVE for a given value of CRAE implies a smaller arteriole-to-venule ratio, which several
studies have shown to be associated with higher blood pressure and hypertension.47-49

We also found a relationship between measures of kidney function and CRVE. Higher
eGFR was associated with larger concurrent CRVE, which is consistent with results from
another study where individuals with the lowest quartiles of CRVE had (non-significantly)
higher rates of CKD.59 Higher creatinine and presence of CKD were both associated with a
larger decrease in CRVE over time, and when comparing models with the same control
variables, the model with CKD had a lower AIC than the model with creatinine. The
relationship between CKD and change in CRVE may be due to a common cause, selective
survival, or regression to the mean. To our knowledge, the only earlier study on the
relationship of CKD to change in retinal venular diameter found no relationship between
eGFR or presence of CKD to incident venular widening.>!
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Although CRVE tended to be narrower in older individuals, change in CRVE for an
individual over a 5-year period was small. Reasons for this relative lack of overall change of
CRVE in these large cohorts remain speculative at best. Compensatory ocular control of
retinal blood flow, e.g., autonomic system may maintain an individual’s retinal blood vessel
diameters over time. Furthermore, genetic factors may control retinal vessel caliber,
independent of blood pressure and other factors.52 A 2011 study reported that 6-year-old
daughters but not sons of hypertensive parents were more likely to have narrower retinal
arterioles than daughters of parents who did not have hypertension.53 It is also possible that
changes in some factors (e.g., a history of CVD) associated with wider CRVE may be
balanced by factors associated with narrower CRVE (e.qg., stopping smoking). The
relationship of smaller CRVE with increasing age may partially be due to selective survival.
In a meta-analysis of participants in the BDES and Blue Mountains Eye Study, wider CRVE
was associated with an increased risk of coronary heart disease and stroke mortality.>*

We found male sex to be associated with larger concurrent CRVE, even after controlling for
height. A similar cross-sectional relationship was observed in a cohort of African-American
and white individuals in the Atherosclerosis Risk in Communities study where mean CRVE
was 2 pum larger in men than in women.8 It is unclear why men have larger CRVE than
women, independent of height. Hormonal differences between men and women may
partially explain this difference. In a cross-sectional study in the BDES, current users of
estrogen replacement therapy had narrower retinal venular diameters than past users or those
who never used it. However, we found no relationship between measures of natural
hormonal status in women (e.g., pregnancy, age at menarche) and retinal vessel diameter.5®

Strengths of this study include its long-term follow-up, use of standardized grading
protocols, and its large population-based structure. However, caution must be used when
interpreting the findings. One limitation is that the CRVE may be a summary of different
retinal vessels at different time points. When determining change in CRVE, the individual
vessels selected for measurement were not necessarily the same each time, and even when
the same vessels were measured, different lengths may have been measured at different
gradings. However, the effect of this is thought to be small; we graded the same vessels side
by side and compared the results to the standard grading approach used in the study, and
found that the differences were not statistically significant.>®

Another limitation is the natural interrelatedness of different risk factors measured. Risk
factors change throughout a person’s life (e.g., an individual develops high blood pressure,
starts taking anti-hypertensive medication, and his/her blood pressure returns to normal), and
they interact with each other (e.g., hypertension, diabetes, and kidney disease) in ways that
are not easily measured. We speculate that this is why most of the factors that were related
to change in CRVE in individual models dropped out when combined in multivariate
analysis. Also, using the multivariate model results to interpret how changes in one risk
factor should affect CRVE requires assuming that the values of all the other risk factors are
unchanged, an assumption that may be incorrect.

In summary, these population-based data describe an overall narrowing of retinal venular
caliber in the general adult population with age. We confirmed earlier cross-sectional
associations of inflammation as measured by WBC count and conditions associated with
inflammation (e.g., smoking and obesity) and higher glycosylated hemoglobin with wider
CRVE. We show that a history of CVD and CKD are associated with change in retinal
venular diameter over time. However, there were few consistent relationships between
concurrent and prospective effects of these factors over time. The different independent
effects of these interrelated factors and longitudinal changes in them highlight the complex
relationship between systemic diseases and associated factors and CRVE over time.
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Figure 1.

Mean central retinal venular equivalent (CRVE) for all participants at a given age.
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