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Abstract

The duration and lifetime pattern of hypertension is related to risk of stroke and dementia. In turn, 

cerebral small vessel disease (CSVD) is the most frequent form of cerebrovascular disease 

underlying dementia and stroke. Thus, study of the relation of mid to late life hypertension trends 

with CSVD late in life will help understand hypertension’s role, and inform preventive efforts of 

CSVD consequences. We studied 1686 Framingham Heart Study Offspring cohort participants 

free of stroke and dementia, who were examined in mid and late life, and had available brain MRI 

during late life. We related hypertension trends between mid and late life (normotension–

normotension N-N, normotension-hypertension N-H, hypertension-hypertension H-H) to cerebral 

microbleeds (CMB) and covert brain infarcts (CBI), overall and stratified by brain topography. We 

used multivariable logistic regression analyses to calculate odds ratio (OR) and 95% confidence 

intervals (CI) for CSVD measures. The prevalence of CSVD in late life was 8% for CMBs and 

13% for CBI, and increased with longer hypertension exposure across all brain regions. Compared 

to the trend pattern of N-N, both N-H and H-H trends had higher odds of mixed CMB (2.71 [1.08, 

6.80], and 3.44 [1.39–8.60], respectively); H-H also had higher odds of any CMB or CBI (1.54 

[1.12–2.20]), and any CBI (1.55 [1.08–2.20]). The burden of CSVD also increased with longer 

hypertension exposure. Our results highlight hypertension having a major role in subclinical 

CSVD, across subtypes and brain regions, and call attention to improve recognition and treatment 

of hypertension early in life.
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Introduction

Cerebral small vessel disease (CSVD) is the most frequent type of cerebrovascular disease in 

patients with stroke and dementia,1–3 contributing to approximately 20% and 45% of cases 

respectively,4 and detected in up to 55% and 40% of patients with confirmed established 

cerebrovascular disease and Alzheimer’s dementia (AD) respectively in autopsy studies.5 

Cerebral microbleeds (CMBs) and covert brain infarcts (CBIs) represent CSVD markers of 

hemorrhage or ischemic vascular brain injury,3, 6 associated with increased risk of clinical 

stroke,7–9 cognitive impairment and dementia.6, 10 CMBs are present in 54 – 80% in 

association with intracerebral hemorrhage,11–13 18–65% with ischemic stroke,14–16 24% 

with AD and 58% with vascular dementia.17 Their topographic location in the brain has 

been suggested to represent the two most common types of CSVD: hypertensive angiopathy 

for lesions in deep brain regions, and cerebral amyloid angiopathy (CAA) for lesions in 

lobar regions,1 and mixed CMB likely representing the interplay of hypertensive and 

amyloid angiopathy and higher burden of CMB. Consequently, CSVD is not only common, 

but also closely linked to the pathophysiology of stroke and dementia. CSVD develops 

insidiously and progressively over long periods of time, emerging as a significant public 

health issue.

Hypertension (HTN) is the strongest, and one of the most treatable, risk factors for stroke 

and dementia. Hypertension was number one of the 5 leading factors for the burden of 

disease virtually worldwide in 201018 with a 56.1% rise in the actual number of deaths 

attributable to hypertension from 2007 to 2017.19 In clinical samples, hypertension is 

observed in 69 to 75% of patients with stroke20, 21 and 42 to 83% in patients with dementia 

with high burden of CSVD,22, 23 and 42 – 78% of individuals from population based studies 

with CMB and CBIs.24–26 Treatment of hypertension has resulted in a 30 to 40% RR 

reduction of stroke,27 and recent studies in FHS have shown decreasing trends of incident 

dementia coupled with improved vascular risk factor control, mainly hypertension.28 The 

duration of exposure to hypertension is a key factor in its relation to risk of stroke and 

dementia. In prior FHS reports, we observed that participants with longer exposure were at 

increased risk of clinical events: trends of HTN during midlife into late life were associated 

with a > 2-fold increase in dementia risk and stroke.29, 30 Investigators in the atherosclerosis 

risk in communities study (ARIC) also found that HTN trends from mid to late life 
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identified individuals at highest risk of dementia.31 HTN is also related to subclinical 

CSVD. Although stronger relations have been described with lesions in deep brain regions,1 

HTN is also relevant for CSVD in lobar regions, presumed to represent mostly CAA. For 

instance, in CAA patients, uncontrolled HTN is associated with a higher risk of hemorrhage.
32 Thus, study of the relation of HTN with asymptomatic CSVD will allow us to increase 

our understanding of the early pathophysiology of vascular injury leading to stroke and 

dementia, presenting an opportunity to prevent both.

Framingham Heart Study participants have been followed prospectively for seven decades 

with accurate ascertainment of HTN throughout life. In the present study, we aimed to 

investigate the relation between HTN trends from mid to late life and prevalence of ischemic 

and hemorrhagic CSVD in our community cohort of neurologically healthy people.

Methods

Data and study materials will be made available to other researchers upon request following 

Framingham Heart Study procedures.

Sample

The Framingham Heart Study Offspring cohort was recruited in 1971 and has been followed 

prospectively for nearly five decades, with periodic examination approximately every 4 

years. We included Framingham Offspring Cohort participants who attended a clinical 

examination during midlife (exam cycle 4 or 5, baseline) and in late life (exam cycle 7 or 8) 

for ascertainment of HTN status, and underwent brain MRI acquisition late in life (exam 

cycle 7 or 8). We excluded participants with prevalent stroke or dementia at baseline. Figure 

1 shows our sample selection flow chart. Among participants attending a baseline exam, 

1611 also attended exam cycle 7 and underwent brain MRI, and 559 participants attended 

exam cycle 8 and also had brain MRI. After excluding participants with prevalent stroke or 

dementia at baseline, and the hypertension-normal trend group due to the small number of 

participants in this subgroup for further analyses (n=38 participants), the final sample 

included 1686 Offspring Cohort participants. The Institutional Review Board of Boston 

University Medical Center approved the study protocol and informed consent was obtained 

from all subjects.

Exposure

All blood pressure measurements were taken in the left arm, in a seated position, using a 

mercury column sphygmomanometer and with an appropriate width-sized cuff. Readings 

were recorded to the nearest even number. Blood pressure was recorded by a physician at 

each examination cycle, and taken as the mean of two blood pressure measurements.29

Hypertension was defined as SBP ≥140 mmHg, DBP ≥ 90 mmHg and/or use of 

antihypertensive medications. Hypertension status was ascertained at mid (exam 4 or 5) and 

late life (exam 7 or 8). The study timeline is presented in figure 2. We categorized 

participants according to trends in HTN from mid to late life in the following categories: I. 

Normotensive-normotensive (N-N) category including participants who were normotensive 

at midlife exam and remained normotensive at late life exam; II. Normotensive-hypertensive 
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(N-H) category including participants who were normotensive at midlife exam and 

hypertensive at late life exam; III. Hypertensive-hypertensive (H-H) category including 

participants who were hypertensive at midlife exam and remained hypertensive at late life 

exam.

Clinical and demographic characteristics

Clinical and demographic characteristics were measured at the baseline examination cycle. 

Prevalent diabetes mellitus was defined as a fasting blood glucose >126 mg/dL or use of oral 

hypoglycemic agents/ insulin. Current smoking was defined as self-reported smoking of at 

least one cigarette per day within the year preceding examination. Medication use was 

ascertained by self-report. Prevalent cardiovascular disease was defined as coronary heart 

disease, peripheral arterial disease and/or heart failure. APOE genotype was determined as 

previously described.33

Outcomes

MRI protocol—A 1.5-tesla MR machine (Siemens Magnetom) was used to obtain the 

following sequences: coronal T2-weighted 2470/20 to 80 (TR/ TE), echo train length 8, field 

of view 22 cm, acquisition matrix 192×256 interpolated to 256×256 with 1 excitation, 4-mm 

slice thickness from nasion to occiput, sagittal T1-weighted 11.4/4.4, 3D FLASH, 192 mm 

slab, 128 slices of 1.5-mm thickness, 12-degree flip angle and axial T2*gradient echo 

656/26 (TR/TE), field of view 22cm, acquisition matrix 144×256, 30-degree flip angle, 19 

slices of 5-mm thickness, and 2 mm gap.

MRI data were analyzed using QUANTA 2 on a Linux operating system, blind to the 

subject’s demographic and clinical characteristics, and outcome ascertainment.

CSVD markers—CMBs and CBIs were considered categorical outcome measurements on 

brain MRI.

We defined CMBs following established guidelines,1 as small, round to ovoid areas of focal 

low signal on gradient-echo T2* weighted magnetic resonance images. We grouped CMB 

into 4 categories according to their brain location: any CMB, lobar only, deep only and deep 

+ mixed (called deep/mixed). The intra-rater and inter-rater reliability for CMB ratings has 

been previously reported (kappa statistic 0.78).26

CBIs were defined using standard criteria,3 based on size (greater than 3 mm), location, and 

imaging characteristics of the lesion as previously described,34 clinically asymptomatic. We 

grouped them according to brain location in the same categories as CMB for analyses: any 

CBI, lobar only, deep only and deep + mixed (called deep/mixed). The intra-rater and inter-

rater reliability for CBI ratings has been previously reported (kappa statistic 0.73 to 0.9).35

Statistical Analysis

Baseline characteristics of study participants were evaluated overall and by HTN trend 

category, presented in table 1. We used multivariable Firth-corrected logistic regression 

analysis to estimate odds ratios and 95% confidence intervals for prevalent CSVD (CMBs 
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and/or CBIs), overall and stratified by brain region. The Firth correction, a penalized 

likelihood approach, improves estimation in logistic regression models by reducing bias 

when small event counts are present. We performed comparisons between each pair of 

hypertension trends groups, with respect to each of the following outcomes: presence of both 

CMB and CBI, compared to neither; presence of either CMB or CBI, compared to neither; 

presence of any CMB, lobar only CMB, deep or mixed CMB, deep only CMB, each 

compared to no CMB; and presence of any CBI, lobar only CMI, deep or mixed CMI, deep 

only CMI, each compared to no CMI. Model 1 was age and sex-adjusted; model 2, 

additionally adjusted for antiplatelet and anticoagulant use, for CMB outcomes only; model 

3, additionally adjusted for diabetes mellitus and smoking for CBI outcomes only; and 

model 4, additionally adjusted for antiplatelet use, anticoagulant use, diabetes and smoking 

for the any CMBs and/or any CBIs outcomes. In exploratory analyses we examined a model 

additionally adjusted for APOE genotype (any ɛ4 alleles) and evaluated interaction with the 

APOE ɛ4 genotype in the relation of hypertension trend and any CMBs or CBIs outcomes. 

We evaluated CMB burden in the following categories: ≥1 CMBs, ≥2 CMB, ≥5 CMB, each 

compared to no CMB [referent]. We also evaluated separately the group of ≥ 2 lobar only 

CMB, considered to represent probable CAA by modified Boston criteria.36 Odds ratios in 

each case were based on comparisons to the group without CMB or CBI.

Statistical analysis was performed using SAS version 10 (SAS Institute, Cary, NC).

Results

The mean age (SD) of the included participants at the midlife exam was 52 (9) years and 

46% (n=780) were men. At baseline examination, our sample was considered healthy, with 

low prevalence of vascular risk factors overall (Table 1). Participants in the H-H trend group 

(i.e. hypertensive from midlife) were older, more likely to have diabetes, and had slightly 

higher proportion of APOE e4, but otherwise were similar to the other two groups (5% 

diabetes mellitus, 17% smokers, 5% cardiovascular disease, 1% atrial fibrillation).

The prevalence of CMB and CBI among the 1686 participants included was 8% (n=140) and 

13% (n=221) respectively, and 20.6% (n=361) had any CMB or any CBI. The frequency of 

both outcomes (CMB and CBI) increased with longer HTN exposure from N-N (6 and 10% 

respectively), to N-H (8 and 13%, respectively) to H-H (13 and 20%, respectively) groups, 

and the increase was observed across all brain locations for both CMB and CBI (Figure 3).

Multivariable logistic regression analysis of the association of hypertension trends with 
CMBs and CBI.

We present our primary analysis based on model 1, as no substantial differences were 

observed in additionally adjusted models, unless otherwise specified (Table 2). Comparisons 

with the N-N group showed that N-H had higher odds of mixed CMBs (OR [95% CI] 2.71 

[1.08, 5.80], p= 0.033); H-H had higher odds of any CMB or CBI (1.54 [1.12–2.20], p = 

0.007), mixed CMB (3.44 [1.39–8.60], p = 0.008), and any CBI (1.55 [1.08–2.20], p = 

0.018). Comparison between the N-H and H-H trend groups showed higher odds of any 

CMB or CBI in those with H-H trend (1.49 [1.08–2.00], p = 0.014). Models with additional 

multivariable adjustment (models 2, 3 and 4) yielded similar results (Table 3). There was no 
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significant interaction with APOE ɛ 4 genotype in the relation between HTN trend and any 

CMB or any CBI outcomes, and further adjustment for APOE ɛ 4 yielded similar results 

(data not shown).

Analyses of the relation between hypertension trend and CSVD burden in some of the 

subgroups with CMB or CBI ≥ 1, ≥2 and ≥ 5, and the subgroup of CMBs ≥ 2 lobar only that 

represents probable CAA, were limited by small number of outcomes in subgroups of N-N 

and N-H trends (supplementary tables S1 and S2).

Nonetheless, two observations are noteworthy: we observed stronger associations with 

higher CSVD burden with longer hypertension exposure, and the strength of association 

increased with higher CSVD burden; participants with H-H trend had over three-fold higher 

odds of 2 or more CMB compared to N-H (3.32 [1.44–7.60], p = 0.005) and nearly four-fold 

higher odds of 2 or more CMB than those in N-N (3.60 [1.52–8.60], p= 0.004). Analyses in 

the probable CAA group (≥2 strictly lobar CMB) could not be performed to provide 

meaningful statistical results, but the highest proportion of participants in this group were 

from the H-H trend (3% vs 0.2% in the N-H group and 0.5% in the N-N group). Similarly, 

associations were stronger for CBI with higher burden: for ≥ 1 CBI OR = 1.55 (CI = 1.08–

2.20, p = 0.018), and for ≥ 2 CBI OR = 2.47 (CI = 1.08–5.60, p = 0.031), comparing the H-

H to N-N group.

In exploratory analyses, we evaluated the association of hypertension trends with CMB and 

CBI using two additional different hypertension definitions: use of antihypertensive 

medications or blood pressure equal or greater than 130/80, and separately, use of 

antihypertensive medications or blood pressure equal or greater than 150/90 mm Hg. We 

observed that the associations overall were stronger with higher blood pressure definitions, 

suggesting that higher hypertension values are related to higher risks (supplementary Table 

S3).

Discussion

In our study including a large community based sample of healthy individuals from the 

Framingham Heart Study we found that a pattern of long term exposure to hypertension is 

associated with higher prevalence and burden of cerebral small vessel disease. The presence 

of any CMB or any CBI was highest in the hypertension-hypertension category followed by 

normal-hypertension category. The highest number of both CMBs and CBIs were in the 

hypertension-hypertension category followed by normal-hypertension and normal-normal 

categories. The hypertension-hypertension category showed the strongest association with 

CMBs and CBIs in mixed/deep location when compared to the normal-normal blood 

pressure category. The associations observed were independent of other vascular risk factors, 

consistent with the knowledge that hypertension is one of the strongest, if not the strongest, 

predictor of cerebral small vessel disease. We did not observe a significant association of 

hypertensive trend groups with any or lobar CMBs only, but the proportion of participants 

with probable CAA (i.e. 2 or more strictly lobar CMB) was highest in the hypertension-

hypertension trend group, suggesting the hypothesis that as HTN exposure duration 

increases, HTN may play a more prominent role, even for CAA related small vessel disease. 
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Our analyses of CMB burden were limited by small number of participants in subgroups of 

HTN trend, but the results suggested an increasing effect with HTN exposure duration, both 

in strength of association and burden of CSVD.

Our results are novel as no other population based studies have reported the relation of long 

term hypertension trends with prevalence of CSVD. Given that CSVD is the most common 

underlying form of cerebrovascular disease in stroke and dementia, and the expected 

substantial increase in prevalence of both,37 our results are highly relevant for public health. 

Further, hypertension remains one of the major cardiovascular public health problems: the 

age-adjusted prevalence of hypertension in US adults ≥20 years was estimated to be 34.0% 

in NHANES in 2011 to 2014, equating an estimated 85.7 million adults, and is projected to 

increase to ≈41.4% of US adults by 2030. In addition, hypertension remains uncontrolled in 

most hypertensive adults: only 45.4% of adults in the US are estimated to have ideal BP 

control.19 Thus, there is a clear gap to be filled in public health, and improvement in 

recognition, treatment and control of HTN may result in substantial reductions of CSVD and 

their consequences.

Prior clinical trials of hypertension treatment are limited in their assessment of CSVD 

incidence. However, in the Secondary Prevention of Small Subcortical Strokes (SPS3) trial, 

including patients with stroke due to CSVD, although targeting systolic BP of< 130 mm Hg 

did not significantly reduce all stroke, there was a significant reduction in intracerebral 

hemorrhage (by 63%), which in turn is mainly caused by CSVD.20 In the Systolic Blood 

Pressure Intervention Trial (SPRINT) Trial, hypertensive adults targeting SBP < 120 mm Hg 

had significantly smaller increase in cerebral white matter lesion volume over the follow up 

period (3.1 years),38 and patients in the intensive BP lowering group tended to have reduced 

stroke recurrence, significant for ICH, which again is mainly due to CSVD.39 Despite the 

limited data from clinical trials, treatment of HTN is already recommended for primary and 

secondary cardiovascular disease prevention guidelines. Although our observations are 

limited by the epidemiological nature of the study design, our results emphasize the 

importance of implementing effectively those guidelines. We submit that hypertension 

remains a major target to minimize the public health impact of CSVD, but clinical trials with 

long follow up are needed to clarify blood pressure targets for prevention of CSVD 

progression and consequent stroke and dementia.

The mechanisms of injury by which HTN leads to increased prevalence of CSVD are likely 

multiple, and may also play synergistic roles, including vascular injury related to BP 

variability and fluctuating perfusion (hypo – hyper perfusion),40 ischemia,41 vascular 

inflammation42 and endothelial dysfunction.43 Importantly, most of these mechanisms are 

potential treatment targets.

Our study has several strengths including the large community-based sample, the accuracy 

of measurements, long term prospective follow up, the high reproducibility of the brain MRI 

measurements, both CMBs and CBIs. The limitations of our study come from the largely 

white race community cohort and cross-sectional design regarding outcome assessment, 

limiting the ability to evaluate the time relationship between the onset of hypertension and 

incident outcome events. Racial minorities have higher prevalence of untreated vascular risk 
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factors, higher risk of subclinical CSVD and higher risk of stroke, which tends to occurs at 

younger age. Thus, it is likely that our findings underestimate the burden of CSVD in 

minorities, highlighting the pressing need for increased awareness and efforts to control 

hypertension early in life. However, further studies are needed including racial minorities to 

confirm this hypothesis. An additional limitation in our study is that at this time we are 

unable to evaluate the effect in specific subgroups of hypertension such as treatment resistant 

hypertension, or the effects of antihypertensive medication class, or number of treatments. 

Lastly, we are unable to assess mechanistic effects of sustained hypertension on CSVD such 

as blood brain barrier breakdown.

In conclusion, hypertension and duration of exposure to hypertension are strong influential 

risk factors for covert CSVD, both CMBs and CBIs in our study. Future research directions 

include additional studies in racial minorities to corroborate our findings, consideration of 

clinical trials of hypertension control with thorough evaluation of incident cerebral small 

vessel disease, and evaluation of impact in cognitive function.

Perspectives

HTN remains a clear target for prevention of cerebrovascular injury and its consequences, 

including dementia and stroke. Our results show that hypertension present since midlife and 

persistent at older age is strongly associated with measures of CSVD in late life. The effect 

of hypertension on clinically covert CSVD, CMBs and CBIs, is likely insidious as shown by 

our results comparing H-H to N-H, suggesting damaging effect of long-term exposure on the 

cerebral vasculature. The results on burden of CMBs and CBIs, while limited by small 

number of events, suggest that duration of exposure of hypertension is important for higher 

burden of CMBs. Further studies are needed to clarify optimal levels of blood pressure for 

prevention of CSVD prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and significance

What is New?

We studied the relation of hypertension trends from mid to late life in a large prospective 

community based cohort of individuals free of stroke and dementia, and found that the 

duration of hypertension exposure is related to late life presence and burden of cerebral 

small vessel disease (CSVD).

What is Relevant?

Cerebral small vessel disease is the main type of cerebrovascular disease detected in 

individuals with stroke and dementia. Hypertension is the main modifiable vascular risk 

factor for CSVD, and one of the strongest risk factors for clinical stroke and dementia. 

The public health impact of hypertension is expected to increase as the population ages: 1 

in 3 Americans will develop hypertension throughout their lifetime, and a large 

proportion of the population remains untreated. Similarly, the prevalence of dementia and 

stroke is expected to increase dramatically over the next few decades.

Summary

Our findings highlight a tremendous opportunity to increase recognition and effective 

treatment of hypertension early in life, which could prevent both CSVD and its related 

consequences.
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Figure 1. 
Sample selection flow chart
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Figure 2. 
Study Timeline
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Figure 3. 
Prevalence of cerebral small vessel disease (CSVD) measures across brain regions and 

hypertension trend category
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Table 1.

Baseline characteristics and covariates overall and by hypertension trend (at midlife, baseline exam)

Hypertension Trend Category

Characteristic All Normal-Normal (N-N) Normal-Hypertensive (N-
H)

Hypertensive-Hypertensive 
(H-H)

N (%) 1686 (100%) 770 (46%) 505 (30%) 411 (24%)

Age, mean (SD), y 52 (9) 49 (9) 53 (8) 56 (8)

Men, n (%) 780 (46) 306 (40) 248 (49) 226 (55)

Systolic Blood Pressure, mm Hg 122.7 (17.5) 111.5 (10.7) 123.3 (9.5) 142.9 (17.0)

Diastolic Blood Pressure, mm 
Hg 74.4 (10.2) 69.6 (8.0) 74.8 (7.8) 83.1 (10.6)

Diabetes mellitus 78 (5) 13 (2) 20 (4) 45 (11)

Cigarette smoking 288 (17) 144 (19) 95 (19) 49 (12)

Prevalent cardiovascular disease 66 (4) 14 (2) 22 (4) 30 (7)

Statin use 38 (3) 9 (1) 13 (3) 16 (5)

Atrial Fibrillation 11 (1) 2 (0) 5 (1) 4 (1)

Antihypertensive medication 191 (11) 0 (0) 0 (0) 191 (47)

ApoE4 (any allele) 366 (22) 164 (22) 103 (21) 99 (25)

Antiplatelet therapy 2 (0) 0 (0) 0 (0) 2 (1)

Anticoagulant therapy 4 (0) 0 (0) 3 (1) 1 (0)

At follow-up (late life)

Any CMB, n (%) 140 (8) 44 (6) 41 (8) 55 (13)

Any CBI, n (%) 221 (13) 74 (10) 66 (13) 81 (20)

Values are mean (SD) for continuous variables, and counts (%) for categorical variables.

CMB = cerebral microbleeds. CBI = covert brain infarcts.
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