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4. Rationale;:

Early detection of cerebral small vessel disease is critical for the primary prevention of
cerebrovascular injury. However, it is possible that microvascular pathology in the brain
precedes detectable changes in brain MRI. Therefore, it is important to identify any pre-
clinical variables that could predict the development of cerebral small vessel disease prior
to the detection of abnormalities on MRI. The retina offers a unique opportunity to



achieve this goal because the retinal microvascular bed mirrors the cerebral small vessels
in embryologic origin, anatomic features, and physiologic properties™?. Hypertensive and
diabetic retinal signs are associated with incident stroke and stroke mortality, independent
of blood pressure and other cardiovascular risk factors®. Likewise, retinal signs are
associated with**> and may also predict subclinical brain microvascular pathology as an
intermediary step towards clinical cerebrovascular disease.

White matter disease and silent lacunar infarcts are two variations of subclinical brain
microvascular pathology that share numerous pathological features and risk factors®.
Moreover, both also predict similar outcomes, increasing a patient’s risk for clinical
stroke and dementia while predicting a worse prognosis from cerebral infarction®. Many
studies seeking to elaborate risk factors for these phenomena separate these outcomes
during the analysis. This is problematic for two reasons. First, the two are not always
easily distinguished, particularly when the white matter disease is found in areas typical
of lacunar infarcts such as the basal ganglia and thalamus’. Secondly, separate analysis of
white matter disease and lacunar infarcts limits a study’s power to detect statistically
significant odds ratios for exposure-outcome relationships in brain microvascular disease.

In contrast, if we were to combine the effects of white-matter disease and silent lacunar
infarcts into one score, we would achieve a global assessment of brain microvascular
disease reflecting shared pathophysiology between these two MRI-detected phenomena.
As an outcome, the score would be more likely to detect true risk factors for brain
microvascular disease than when the risk factors are evaluated in association with lacunar
infarcts or white matter disease alone. Similarly, if the score is a more sensitive measure
of microvascular disease as an exposure, it would have greater predictive value as a risk
factor for cognitive decline, incident stroke, and stroke prognosis.

Before using the score to identify new risk factors, however, we would need to first test
the validity of the score. This could be done by demonstrating an association between the
score and known risk factors for white matter disease or with an already validated risk
score for stroke®. In particular, hypertension is known to associate well with white matter
volume progression in multiple ethnicities®, and in theory, white matter progression
might associate even more strongly with the stroke risk score shown in ARIC to strongly
predict ischemic strokes. In blacks, blood pressures elevated earlier in life predict white-
matter disease progression more strongly than blood pressures elevated later in life. In
both whites and blacks, cumulative blood pressure is a stronger predictor of white matter
disease progression than individual blood pressure values. We would expect to observe
similar trends, perhaps more reliably assessed using as the endpoint a score reflecting
global cerebral microvascular disease burden.

In a previous ARIC MRI study, Cheung et al. tested the association between retinal
microvascular pathology as an exposure and silent cerebral infarct, silent lacunar infarcts,
incident white matter lesions, and white matter lesion grade progression as separate
outcomes’. Of the 810 participants, 164 had silent cortical infarcts, 131 had silent lacunar
infarcts, and 182 had incident white-matter disease. However, only 49 had progression of
white matter disease, when this was defined using a categorical white matter disease



rating scale from 0-9, with progression defined as at least a 2 step increase in score at
follow up visit. For retinal findings, 28 had microaneurysms, 21 had retinal hemorrhage,
88 had arteriovenous nicking, and 96 had focal narrowing. The relatively low number of
participants with white matter disease progression coupled with the infrequency of retinal
signs limited the power to find associations between retinal disease and this outcome. Of
the 6 categories of retinal pathology assessed, only arteriovenous nicking had significant
association with white-matter disease progression with an odds ratio of 2.22 (1.00,5.88).
In contrast, lacunar infarcts had significantly increased odds for microaneurysms, retinal
hemorrhage, arteriovenous nicking, and any retinopathy but were not significantly
associated with cotton wool spots or focal narrowing. It is possible that by 1) using
volumetric measurements instead of a categorical rating of white matter disease as a more
precise measure of white matter disease progression, and by 2) combining incident
lacunar infarct with this measure of white matter disease progression, we would be able
to detect associations between the retinal variables and the combined score that were
missed by treating them separately.

Additionally, although baseline white-matter disease is an important risk factor for
clinical stroke and dementia®®, progression of white-matter disease has been shown to be
more strongly associated with subsequent cognitive decline®’. In the study by Cheung et
al, as described above, progression of white matter disease was assessed using a global
score from 0 to 9 assigned by two independent MRI readers with a kappa of 0.48". This
relatively low kappa reflects the limited inter-rater reliability associated with this
qualitative score.

The ideal measure for white-matter disease progression would be direct volumetric
measurement’. However, the image resolution from the initial MRI acquisitions in ARIC
(from visit 3) is not adequate for volumetric analysis. Fortunately, images taken one
decade later at the second MRI acquisition were assessed with both MR white matter
disease score (using the same 0-9 Cardiovascular Health Study (CHS) rating scale) and
white matter hyperintensity volumetric analysis. Gottesman et. al used these data to
generate a prediction equation (R?=0.80) for imputing white-matter volume from reader
scores (Figure 1)°. Subtracting the MRI volume of the first acquisition from the second
generates a quantifiable continuous measure of white-matter disease progression which
may prove to be more strongly associated with hypertension and other predictors.
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A better understanding of the temporal relationship between retinal microvascular
pathology and brain microvascular pathology might eventually allow earlier and more
accurate prediction of subsequent cognitive decline and risk of stroke. Importantly, given
limitations in the precision of current MRI technology, our ability to detect retinal disease
may precede our ability to detect brain microvascular pathology directly®.

5. Main Hypothesis/Study Questions:

1. White matter disease volume progression, assessed using a continuous measure, will
be associated with presence of retinal microvascular signs (defined below).

2. A new score combining white matter disease volume progression and incident lacunar
infarct will be highly associated with hypertension and with the ARIC stroke risk score.
This hypothesis has the goal of validating and optimizing the new composite cerebral
microvascular score.

3. Retinal microvascular signs detected with retinal photography at visit 3 will predict
worse cerebral microvascular disease, measured as higher values on the new score
described in hypothesis #2.

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 data collection of risk factors with longitudinal definition of
white matter disease progression based on change between the visit 3 brain MRI and the
ARIC Brain MRI in 2004-2006. Lacunar infarct incidence based on development of new
lacunar infarcts from the visit 3 Brain MRI to the ARIC Brain MRI in 2004-2006.
Inclusion: All individuals in the ARIC Brain MRI cohort (N=1034).

Exclusion: Missing Brain MRI data; Missing blood pressure data at over 50% of the
visits; Missing interpretable retinal photographs (except for hypothesis 2). History of
stroke or transient ischemic attack before ARIC Brain MRI visit. Those with large
cerebral infarct on MRI at visit 3 (for hypothesis 3).

Hypothesis 1: White matter disease volume progression defined as volume change (Brain
MRI visit volume — interpolated visit 3 volume) or alternatively as top quintile of volume
of change. Linear regression for volume change, logistic regression for quintile change,
with white matter disease progression as dependent variable and retinal microvascular
changes, including retinopathy and its major components (microaneurysms and
hemorrhages), arteriovenous nicking, retinal arteriolar narrowing measured by the central
retinal arteriolar equivalent (CRAE), and retinal venular widening as measured by the
central retinal venular equivalent (CRVE), as independent variables. Adjust for age,
gender, race, study center, total cholesterol, HDL cholesterol, BMI, and smoking status,
blood pressure, and blood glucose using visit 3 status. Stratify analysis by hypertension
and diabetes status.

Hypothesis 2: Ordinal logistic regression with microvascular disease score (dependent
variable) and blood pressure or ARIC stroke risk score (as independent variables). We
will evaluate various combinations of points for white matter disease volume progression
and presence of incident lacunar infarcts to construct a score (for instance, trying if 1
point is added whether there are either incident radiographic lacunar infarcts or if white
matter disease volume progression is in the top quintile, with 2 points if both of these are
present, and so on). In addition, we will evaluate the role of including in this
microvascular disease score the very small infarct-like lesions (< 3 mm in size) that are
typically excluded from analysis as “lacunes” in previous ARIC studies, but which, in a
recent ARIC publication, are shown to be highly associated with certain vascular risk
factors'2. The current goal is to have between 3 and 5 possible points for the score- we
will select the best score based on what scale is most strongly predicted by cumulative
systolic blood pressure (time-averaged SBP; we have previously shown (Gottesman et al)
that a cumulative measure of SBP is a stronger predictor of white matter disease
progression than is an individual value from a single visit.

An alternative approach to optimize the score could be considered in which we use the
MRI variables (white matter disease progression and incident lacunes) as independent
variables and BP or ARIC stroke risk score as a dependent variable in a multivariable
linear analysis. The coefficients for the MRI variables would then used to create the
optimal new composite score.



Hypothesis 3: Ordinal logistic regression of microvascular disease score vs retinal
microvascular changes, as defined above. Adjust for age, gender, race, study center, total
cholesterol, HDL cholesterol, BMI, and smoking status, systolic and diastolic blood
pressure, and blood glucose, and HbALc using visit 3 status. Stratify analysis by
hypertension and diabetes status.

Outcome:
1. White matter lesions: Volume (measured volumetrically) and white matter grade.
2. Composite score, including both incident lacunar stroke and white matter disease
progression.
Variables of interest: Blood pressure: visits 1, 2, 3, 4, Brain MRI visit
White matter disease volume: Brain MRI visit #2 (2004-2006);
categorical rating of white matter disease (visits 3 and Brain MRI visit)
Blood glucose measurements, diabetes
Other potential confounders: Weight loss (from visit 1 to ARIC Brain
MRI visit), history of CABG surgery, new use of hemodialysis, prevalent CHD, body-
mass index, history of tobacco use.

Limitations: Of the 1684 study participants with an initial MRI and retinal assessment,
the 1034 participants that returned for a second MRI generally had a healthier
cardiovascular risk profile than those that did not return. This may confound any odds
ratios between retinal disease and brain microvascular disease, shifting the odds ratio
towards the null. However, given that Cheung et. al only found 131 patients with incident
lacunes and 49 with white matter progression defined categorically, our combined score
that includes both of these variables as well as smaller (<3mm) lacunes should have a
greater power to overcome this limitation.
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