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3. Timeline: 
Manuscript will be completed in 6 months. Abstract for 2020 AHA-Epi conference. 
 
4. Rationale:  
Cerebrovascular small vessel disease (SVD), as evidenced through brain imaging as lacunes and 
white matter hyperintensities, is a pathological substrate for cognitive decline and dementia in 
older adults. The overall importance of SVD in the pathogenesis of cognitive decline is not 
known precisely, and may be under-recognized clinically.1-4  Notably, presence of SVD that is 
apparent at autopsy, but is too small to be seen using standard brain imaging techniques, is 
strongly related to vascular cognitive impairment assessed within months prior to death.5 
 
Retinal fundus photography offers a non-invasive means to visualize microvascular changes in 
the eye.  Because blood vessels in the eye are anatomically and physiologically similar to those 
in the brain, retinal photography may also offer insight into small vessel changes within the 
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brain, 6 including those too small to be visualized with brain imaging, and these may be 
responsible for losses in brain volumes.  Retinal vascular abnormalities are associated with 
increased cardiovascular risk, including incident stroke.7,8 
 
Previous studies in ARIC have supported the hypothesis that retinal imaging is a marker for 
cerebrovascular changes within the brain, in both cross-sectional7,9,10 and prospective11,12 
analyses. In 810 ARIC participants, retinopathy and retinal arteriovenous (AV) nicking were 
associated with ventricular enlargement over 10 years; odds ratios and 95% confidence intervals 
were 2.03 (1.02-4.42) and 2.19 (1.23-3.90), respectively11.  Both retinopathy and AV nicking 
were also independently associated with incident silent cerebral infarct (OR: 2.82, 95% CI: 1.42-
5.60; and OR: 2.82, 95% CI: 1.66-4.76, respectively), and, more specifically, incident silent 
lacunar infarct (OR: 3.19, 95% CI: 1.56-6.50; and OR: 2.48, 95% CI: 1.39-4.40, respectively).  
Additionally, AV nicking was related to the development of incident white matter lesions (OR: 
2.12, 95% CI: 1.18, 3.81) and white matter progression (OR: 2.2, 95% CI: 1.00-5.88) during a 
median follow-up time of 10.5 years.12 
 
 
5. Main Hypothesis/Study Questions: 
Microvascular retinal abnormalities measured in 1993-95 are associated with subsequent 
cerebrovascular and neurodegenerative signs measured on brain MRI 18 years later at NCS/Visit 
5 (2011-13).    We hypothesize that these associations: 

1. Are similar in persons with and without diabetes and  
2. Are stronger in persons with apoE4 

 
To evaluate the clinical utility of retinal signs as a marker of brain MRI signs, we will also assess 
the cross-sectional association of retinal abnormalities collected at Visit 5 (2011-13) with brain 
MRI at the same visit (NCS/Visit 5, 2011-13).  One possible limitation of this analysis is failure of 
the retinal photography at Visit 5, as lack of dilation of the pupil in older eyes is common 
without eye drops. 
 
6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of 
interest with specific reference to the time of their collection, summary of data analysis, and 
any anticipated methodologic limitations or challenges if present). 
 
Study design: Prospective observational study of men and women who underwent retinal 
photography at Visit 3 (1993-95) and brain MRI at NCS/Visit 5 (2011-13).  Additionally, we will 
quantify the association between retinal signs at Visit 3 (1993-95) and change in MRI signs from 
the Brain MRI Study (2004-06) to MRI at NCS/Visit 5 (2011-13). 
 
Outcomes:  The primary outcome measures will be brain volume and markers of 
cerebrovascular disease as measured on brain MRI at NCS/Visit 5 (2011-13): 

• White matter hyperintensities (volume and volume by location) 
• Cortical infarcts (number and  number by size: <10mm, ≥10mm )  
• Lacunar infarcts (number and number by location) 
• Volume (total and region-specific: frontal lobe, parietal lobe, occipital lobe, temporal 

lobe, deep gray matter, hippocampus and Alzheimer’s disease (AD) signature region) 
• Microhemorrhages (number and  number by location: deep, subcortical versus lobar, 

cortical ) 
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• Poorer white matter integrity as measured by diffusion tensor imaging (DTI), specifically 
with lower fractional anisotropy (FA) and higher mean diffusivity (MD) 

 
As methods to evaluate change/ progression from Brain MRI (2004-06) to NCS/Visit 5 (2011-13) 
using rank-ordering are established, we will also quantify the association of retinal signs and 
change in MRI signs. 
  
Exposures:  Retinal photographs were collected for the first time in ARIC at Visit 3 (1993-95) and 
again at Visit 5 (2011-13). Photographs were obtained in a single eye for each participant by 
trained technicians using nonmydriatic fundus cameras. All photographs were assessed at a 
central reading center by trained, certified graders who were masked to participants’ 
hypertensive and diabetic status. 13   
 
Four primary retinal measures will be included in the analysis: retinopathy, focal arteriolar 
narrowing, arteriovenous (AV) nicking, and generalized arteriolar narrowing.13,14 A combined 
retinal microvascular score (developed in the analysis of cognitive change (ARIC MP#2169) will 
also be included. 
 
Retinopathy will be defined as the ‘definite’ presence of at least one of the following lesions: 
retinal microaneurysms, soft exudates, hard exudates, retinal hemorrhages, macular edema, 
intraretinal microvascular abnormalities, venous beading, new vessels, vitreous hemorrhage, 
disc swelling, or laser photocoagulation scars. 
 
Focal arteriolar narrowing was defined as absent, definite or questionable based on the number 
and grading of arterioles estimated to be ≥50 µm in diameter that had a constricted area ≤ 2/3 
the width of proximal and distal vessel segments.13  For the current analysis, arterioloar 
narrowing will be considered present given a grade of “definite”.15 
 
AV nicking was defined as absent, definite or questionable based on the number and grading of 
at least one venous blood column(s) that was(were) tapered on both sides of its crossing 
underneath an arteriole.13 For the current analysis, AV nicking will be considered present given a 
grade of “definite”.  
 
Generalized arteriolar narrowing was evaluated using enhanced digital images and image 
processing software.  Arteriolar diameters within a pre-specified zone surrounding the optic 
nerve were combined quantified as the central retinal arteriolar equivalent (CRAE) using the 
following formula in order to adjust for branching:13 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑊𝑊𝑐𝑐 =  �0.87 ∗ 𝑊𝑊𝑎𝑎
2 +  1.01 ∗ 𝑊𝑊𝑏𝑏

2 − 0.22 ∗ 𝑊𝑊𝑎𝑎 ∗ 𝑊𝑊𝑏𝑏 − 10.76  

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑊𝑊𝑐𝑐 = 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣  
             𝑊𝑊𝑎𝑎 = 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ, 𝑎𝑎𝑎𝑎𝑎𝑎  
             𝑊𝑊𝑏𝑏 = 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏ℎ   
 
In keeping with previous analysis in this cohort, presence of generalized narrowing will be 
defined in this study as the lowest 25th percentile of CRAE.14 
 
Additional independent variables: 
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Demographic information was collected at Visit 1, including age (years), sex, education, 
occupational class, income, race/ethnicity, study site and apoE4.  
 
Disease and health behavior covariates were collected at each study visit, including self-
reported cigarette smoking status and drinking status (never, former or current) and body mass 
index (BMI) (kg/m2).  Hypertension will be considered present based on a diastolic blood 
pressure ≥ 90 mmHg, systolic blood pressure ≥140 mmHg, or use of hypertensive medications.  
Diabetes will be considered present if fasting blood glucose level was ≥ 126 mg/dL, or the 
participant self-reported a diagnosis of diabetes or of medication use for diabetes.   
 
 
Statistical analysis:   
Multiple linear regression will be used to estimate the associations between retinal 
abnormalities and brain volumes and white matter integrity measures (FA and MD). Poisson 
regression or negative binomial (if overdispersion is present) will be used to estimate the 
association between retinal abnormalities and counts of MRI markers (microhemorrhages, etc).  
In keeping with MRI workgroup recommendations, analyses will be weighted to account for 
brain MRI sampling and refusals.  Analyses will be adjusted for demographic, behavioral and 
disease covariates, as well as total intracranial volume.  In sensitivity analysis, we will conduct 
inverse probability of attrition weighting (IPAW) to account for attrition prior to NCS/Visit 5. 
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