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3. Timeline: 

 

The visit 5 brain MRI data and an initial set of derived variables are now available; we plan to submit for publication 

within 6 months. 

 

 

 

4. Rationale:  



The relation between blood pressure and cognition is complex, and appears to be dependent on the time at which blood 

pressure is measured.  Studies of midlife blood pressure and late life cognition typically report adverse associations, with 

stronger support for an effect of elevated midlife blood pressure on increased cognitive decline or risk of total dementia, 

but weaker support for an association specifically with Alzheimer’s disease, the most common type of dementia.
1,2

  

Published studies of late life blood pressure and cognition typically report positive associations, such that those with 

elevated blood pressure may actually be less likely to become demented or experience accelerated cognitive decline, and 

those with hypotension may experience adverse cognitive consequences.
1,2

  Potential explanations for this pattern of 

findings range from common bias across studies of older adults to true differences in the effect of hypertension on 

dementia-related brain pathology depending on the timing, duration, and intensity of hyper- or hypotension.
3
  

Consideration of the relation between blood pressure and brain pathology, particularly neurodegenerative and 

cerebrovascular pathology, may help to clarify our understanding of how blood pressure is related to cognition in older 

adults.  Both hyper- and hypotension may be related to ischemic and degenerative pathways, and these relations may be 

modified by age or other age-related factors.  Neuroimaging allows evaluation of some of these ischemic and 

neurodegenerative pathways, with visualization of ischemic changes seen as cortical infarcts, lacunes, white matter 

hyperintensities (WMH or leukoaraiosis), or cerebral microbleeds, while neurodegeneration is more typically observed on 

brain magnetic resonance imaging (MRI) as atrophy. 

 

In cross-sectional analyses, elevated blood pressure is unequivocally associated with the presence or severity of WMH,
4-13

 

and elevated blood pressure also appears to be linked to WMH progression.
14-22

  While most studies of blood pressure and 

WMH consider only concurrent or baseline blood pressure, a handful of studies consider associations with blood pressures 

earlier in life.  For example, in the Rotterdam Scan Study, elevated blood pressure both 20 and 5 years prior to the MRI 

was associated with increased risk of white matter lesions.
23

  Similarly, both midlife and late life blood pressure were 

associated with increased risk of WMHs in the Cardiovascular Risk Factors, Aging and Incidence of Dementia Study,
24

 

and elevated midlife blood pressure was related to late-life WMH volume in participants from the National Heart Lung, 

and Blood Institute Twin Study.
25

  In the Atherosclerosis Risk in Communities Study (ARIC), elevated blood pressures at 

the time of the brain MRI and approximately 6 years prior to brain MRI were associated with greater white matter 

hyperintensity severity,
7,26

  and cumulative systolic blood pressure (SBP) over approximately 17 years of follow-up is a 

strong predictor of WMH progression over the later 11 years of follow-up among blacks and whites.
15

     In the 

Framingham Offspring Study, hypertension in midlife was related to extensive annual change in WMH volume, but not 

with linear change in WMH volume.
14

   

 

There is some evidence that the association between blood pressure and WMHs may vary by age or race/ethnicity.  

Interestingly, several studies of blood pressure and WMHs find strong associations among younger participants, but null 

associations among older participants.
19,23

    In the Washington Heights-Inwood Columbia Aging Project (WHICAP) 

analyses of WMH volume suggested differences by race/ethnicity,
27

 but the association between blood pressure and WMH 

progression did not differ across race/ethnicity.
21

  However, there were subtle differences by race in ARIC, as elevated 

midlife SBP was only associated with increased risk of WMH progression among blacks.
15

 

 

Similarly, hypertension is an established risk factor for stroke
28

 and stroke-related mortality,
29

 and is also consistently 

associated with presence of clinically silent lacunar infarcts seen on brain MRI.
11,30-32

  A small number of cross-sectional 

studies have also reported associations with enlarged perivascular spaces (also referred to as enlarged Virchow-Robin 

spaces or subcortical lacunes <3mm diameter, and which are likely on the same spectrum as lacunes) and blood 

pressure.
30,33

   Specifically in ARIC, hypertension was previously strongly associated with presence of subcortical lacunes 

of all sizes, including ≤3mm (sometimes called enlarged perivascular spaces, but probably on the same spectrum as 

lacunes), 3-7mm, and 8-20mm in cross-sectional analyses.  Emerging evidence also supports an association between blood 

pressure and incident lacunes
16

, while studies of blood pressure and incident infarcts are mixed.
19,34,35

 



 

Elevated blood pressure also appears to be significantly or marginally associated with cerebral microbleeds (also known as 

microhemorrhages) in many,
36-41

 but not all
42

 cross-sectional studies.  Microbleeds are evaluated using T2* gradient echo 

(T2* GRE) imaging sequences, which shows old and new blood products – because iron and its metabolites are highly 

paramagnetic, even a very small area of hemorrhage (including many without any associated symptoms) will leave a signal 

and a hypointense lesion will be seen on the GRE sequence.  As expected, given hypertension is associated with clinical 

intracerebral macro-hemorrhage in the subcortical or deep brain regions, hypertension is also typically associated with 

microbleeds in this area.  In contrast, cerebral amyloid angiopathy is the putative cause of most cortical hemorrhages and 

cortical microbleeds seen on GRE.
43,44

  

 

Reported cross-sectional associations between blood pressure and MRI markers of neurodegenerative pathology, 

particularly measures of atrophy, are mixed, with studies reporting both positive,
26,45,46

 and null associations.
47,48

  In ARIC, 

although blood pressure was cross-sectionally associated with ventricular and sulcal size, markers of atrophy, associations 

elevated systolic blood pressure 6 years prior and ventricular size were only marginally significant and there was no 

association between prior blood pressure and sulcal size. 
26

  Nevertheless, higher baseline systolic blood pressure was 

subsequently associated with progression of qualitative ratings of ventricular and sulcal size over approximately 11 years 

of follow-up.
34

  In men from the Honolulu Asia Aging Study, untreated elevated midlife blood pressure was associated 

with increased hippocampal atrophy,
49

  and among persons without antihypertensive medication use, both high and low 

diastolic blood pressure was associated with faster decline in hippocampal volume in the Rotterdam Scan Study. Similarly, 

high and low diastolic blood pressure were variably associated with cortical and medial temporal lobe volumes, as well as 

hippocampal volume change depending on timing of blood pressure assessment and anti-hypertensive medication use 

status in the Rotterdam Scan Study. 
50-52

    Interestingly, lower DBP was also associated with greater atrophy in a study of 

patients with arterial disease.
53

  However, in the Framingham Offspring Cohort Study, midlife hypertension was not 

associated with late life change in total brain volume or temporal horn volume (a surrogate for hippocampal volume).
14

  

 

Prior studies are limited by several factors.  First, interpretation and synthesis of prior research using brain MRI has been 

hampered by use of inconsistent definitions and nomenclature for brain MRI findings.
54

  Second, few studies have taken an 

inclusive approach, considering blood pressure measures at multiple time points and multiple neurodegenerative brain 

pathologies.  While aggregating studies with a more narrow focus does allow insight into the overall pattern, firm 

conclusions are difficult to draw, as between-study characteristics may artificially induce patterns of findings that differ 

from the within-study findings considering the same range and timing of blood pressure measures and brain MRI markers.  

Third, the vast majority of studies have considered primarily, or exclusively, white populations; as relatively few have 

explicitly considered associations separately by race, and those that do suggest that the association may vary by race,
15,21,27

 

it is unclear for whether the pattern of association previously observed for most brain MRI markers in typically white 

samples holds in non-white samples.   

 

As such, we propose to describe the relationship between blood pressure, from midlife to latelife, and a variety of brain 

MRI markers of neurodegenerative or cerebrovascular disease) assessed at Visit 5.  Specifically, we will assess whether 

elevated blood pressure predicts cortical or lacunar infarcts, greater presence and frequency of microbleeds, greater white 

matter hyperintensity volume (markers of microvascular changes in the brain), and/or reduced area/region/total brain 

volume (as markers of neurodegeneration) and whether the associations differ by black versus white race.   To promote 

greater comparability and ease of interpretation, we will adopt use of definitions and nomenclature from the STandards for 

ReportIng Vascular changes on nEuroimaging (STRIVE) guidelines
54

 in place of or in addition to those previously used in 

ARIC MRI studies wherever possible.   

 

5. Main Hypothesis/Study Questions: 



 

We hypothesize that elevated blood pressure will be strongly associated with presence and severity of MRI markers of 

neurodegeneration and cerebrovascular disease in a dose-dependent manner, and that this relationship will be (1) stronger 

in black participants than in white participants, (2) stronger for mid-life measures of blood pressure than for late life 

measures. 

 

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 cohort study of blood pressure, measured between 1987 and 2013 and presence and severity of 

MRI markers of neurodegeneration and cerebrovascular disease in 2011-2013.   

 

Exclusions:  No MRI of sufficient quality at visit 5.  Presence of tumor, surgery or radiation to the head/brain, or multiple 

sclerosis.  Clinically confirmed stroke prior to MRI in 2011-2013.  (Note: Those who completed a brain MRI at visit 5 

were selected from the broader set of ARIC participants; sampling strategy and inclusion criteria for Brain MRI at Visit 5 

are available in the ARIC Neurocognitive Exam (Stages 2 and 3) Manual 17.) Not black or white. No blood pressure data. 

 

Independent variables:   

At each visit (1, 2, 3, 4 and 5): 

1. Measured systolic blood pressure (continuous) 

2. Measured diastolic blood pressure (continuous) 

3. Categorical hypertension
55,56

:  hypertension (SBP≥140, DBP≥90, or antihypertensive use ) pre-hypertension (SBP 120-139 or 

DBP 80-90 and not classified as hypertensive), or normal (SBP<120 and DBP<80, no anti-hypertensive medications) 

4.  Categorical “treatment recommended” (Y/N) according to the Joint National Committee (JNC) 8 hypertension 

guidelines.
57

 “Treatment not indicated” was defined as participants without diabetes and without chronic kidney disease 

(CKD; defined as eGFR calculated using the CKD-EPI equation
58

 < 60 mL/min/1.73 m
2
) aged 60 and older, with SBP<150 

and DBP<90; or aged<60 with SBP<140 and DBP<90, and not on antihypertensive medications. “Indication for treatment” 

was defined as all participants 60 years and older with SBP ≥150 or DBP ≥90; or age <60 years, SBP ≥140 or DBP ≥90; or 

on any antihypertensive medications; or either diabetes or CKD at any age with SBP ≥140 or DBP ≥90. 

 

Dependent variables:  Microhemorrhages (number; number by location (deep/ subcortical versus lobar/ cortical); white 

matter hyperintensities (volume, volume by location); cortical infarcts (number, number by size - <10mm, ≥10mm); 

lacunar infarcts (number, number by location); and volume (hippocampal, Alzheimer’s disease (AD) signature region
59

, 

regional, total).  

 

Covariates: All analyses will be adjusted for a set of variables, determined a priori: total intracranial volume, age, 

education, race/center, gender, BMI, diabetes, and smoking status.  We will explore impact of further adjustment for 

hyperlipidemia, and other indications of socioeconomic status in sensitivity analyses.   Appropriate functional form of 

continuous covariates will be assessed using penalized splines.  We will update time-varying covariates to match the 

exposure of interest, allowing for appropriate control for confounding.   

 

Effect modifiers:  Gender, race, age, antihypertensive medication use.   

 

Statistical Analyses:  We propose to use linear regression (white matter hyperintensity volume, brain volume), and poisson 

or negative binomial regression (cortical infarcts, lacunar infarcts and microbleeds) to assess the association between our 



blood pressure variables and MRI markers.  We may also use logistic regression in place of methods for count data if it 

appears appropriate to categorize MRI markers as present/absent, particularly for microbleeds, cortical infarcts, and lacunar 

infarcts.  Outcome data may be transformed for linear regression analyses if the distribution of residuals appears non-

normal.   We will use multiplicative interaction terms, likelihood ratio tests, and stratified analyses to assess effect 

modification.  All analyses will be weighted using coordinating-center derived weights to account for the sampling strategy 

for stage 3 MRI and refusals.    

 

Sensitivity Analyses:   

 Inverse probability weights for attrition may also be applied to account for attrition prior to Visit 5.   

 We may consider cumulative measures of blood pressure (cumulative average systolic or diastolic blood pressure) 

or hypertension (years since diagnosis), employing appropriate methods to account for time-dependent confounding 

if necessary. 

 We may consider alternate characterizations of hypertension status incorporating self-report or medication use.   

 We may include persons with confirmed stroke, to inform on the impact of blood pressure on total infarct.   

 

Limitations/Challenges:   Our analysis has several limitations.  First, we will not consider within-individual change.  Prior 

scans differed from current scans in terms of pulse sequences, field strength, and image processing and we currently do not 

understand whether differences detected across scans with different protocols reflect true biological change or artifact of 

different scanning and processing protocols.  While we will adjust for a prior-specified confounders and weight analyses 

according to IPW sampling and attrition weights, the potential for bias due to confounding or selection remains.  Some 

misclassification of blood pressure and MRI markers is expected; however, as blood pressure was assessed prospectively 

and MRI measures were derived without reference to hypertension status we expect misclassification to be non-differential 

and for any resulting bias to be towards the null.  We are limited by lack of blood pressure assessment between visits 4 and 

5 for the majority of participants, disallowing full characterization of the relationship between hypertension timing and 

MRI markers; however, we have good characterization of blood pressure from early follow-up and expect measures closer 

to midlife to be most relevant.  Finally, while we will consider anti-hypertensive medication use in stratified or sensitivity 

analyses, we defer more extensive consideration of the impact of anti-hypertensive medication use to future manuscripts.   
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