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Abstract
OBJECTIVES—We examined correlations between blood pressure and dementia-related
pathologic brain changes in a community-based autopsy sample.

DESIGN—Prospective cohort study.

SETTING—A large health maintenance organization in Seattle, Washington.

PARTICIPANTS—A cohort of 250 participants who were ≥ 65 years old and cognitively normal
at time of enrollment in the Adult Changes in Thought (ACT) study, and who underwent autopsy.

MEASUREMENTS—Blood pressure and history of antihypertensive treatment were taken at
enrollment. A linear regression model was used to examine the relationship between blood
pressure (systolic and diastolic blood pressure) at enrollment and pathologic changes in cerebrum
(cystic macroscopic infarcts, microinfarcts, neuritic plaques, neurofibrillary tangles, and cortical
Lewy bodies).

RESULTS—The presence of more than 2 microinfarcts, but not any other pathologic change, was
independently associated with systolic (SBP) in younger participants (age 65–80, n=137), but not
in older participants (age >80, n=91). The relative risk (RR) for >2 microinfarcts with each 10
mmHg increase in SBP was 1.15 (95% confidence interval (CI): 1.00, 1.33) in the younger
participants, adjusted for age-at-entry, gender, and time to death. This RR was particularly strong
in younger participants not taking antihypertensive medications (RR: 1.48; 95% CI: 1.21, 1.81);
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significant associations were not observed in participants treated for hypertension. Findings for
diastolic blood pressure were negative.

CONCLUSION—The association between elevated SBP and cerebrovascular damage in
untreated older adults (age 65–80) suggests that adequate hypertension treatment may reduce
dementia risk by minimizing microvascular injury to cerebrum.
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INTRODUCTION
Understanding modifiable risk factors for dementia, including vascular dementia,
Alzheimer’s disease (AD), and Lewy body dementia, is an important step toward finding
preventions and treatments for these devastating illnesses. One of these modifiable risk
factors is hypertension.1–5 We previously reported findings on the association between
hypertension and clinical dementia from the Adult Changes in Thought (ACT) study, an
ongoing prospective, longitudinal, community-based study of brain aging and incident
dementia.6 We found that participants aged 65 to 74 with elevated systolic blood pressure
(SBP) at enrollment had an increased risk for clinical dementia compared to participants
with normal blood pressure, suggesting adequate blood pressure treatment may reduce
dementia risk.

Several pathologic changes in the brain, including both cerebrovascular damage and
neurodegenerative changes, contribute to clinical expression of dementia.7–10 A previous
autopsy study of the ACT sample showed that cerebral microinfarcts, neurofibrillary tangles,
and neocortical Lewy bodies are strongly and independently associated with cognitive
impairment in this cohort.11 These and other pathologic changes, including neuritic plaques,
macroscopic infarcts such as lacunes or territorial infarcts, and atherosclerosis commonly
coexist and interact with each other.12, 13 Which one of these pathologic changes is more
highly associated with blood pressure is less well understood. Previous studies have
primarily examined the association of risk factors, such as hypertension, with specific
pathologic changes, such as the hallmark changes of AD or cerebrovascular damage
separately, making direct comparison amongst different pathologic processes difficult.14–16
In this study, we assessed common pathologic changes in the aging brain, including changes
already independently associated with dementia (neurofibrillary tangles, cortical Lewy
bodies, and microinfarcts) as well as others (neuritic plaques, cystic macroscopic infarcts),
to determine what type of brain injury is most closely associated with elevated blood
pressure.11–13 We also examined whether anti-hypertensive treatment is associated with
apparent protection.

METHODS
Participants

The ACT study was initiated in 1994 at which time it recruited 2,581 cognitively normal
individuals aged 65 years and older from Group Health Cooperative (GHC) of Puget Sound,
a large health maintenance organization based in Seattle, Washington. In the years 2000–
2002, an additional 811 cognitively normal participants were recruited from GHC as an
expansion cohort. From 2005 to June 1, 2007, an additional 238 participants were recruited
as the ongoing Continuous Enrollment cohort. As of June 1, 2007, of the total 3630
participants enrolled in ACT, 419 participants had withdrawn from the study and 1167 had
died (30 of whom had also withdrawn from the study before they died). Of those who died,
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250 underwent brain autopsy with neuropathologic assessment and are included in this
analysis.

Detailed ACT study design and methods have been described.17 Briefly, each participant
underwent a baseline cognitive examination and was then followed up biennially for
cognitive decline as detected by a score less than 86 on the Cognitive Abilities Screening
Instrument (CASI).18 Participants with cognitive decline underwent a complete dementia
evaluation with a neuropsychological test battery and a physical/neurological examination
by a geriatrician or neurologist. Relevant laboratory results and brain CT or MRI scans were
obtained, after which diagnoses were assigned at a consensus diagnosis conference using
Diagnostic and Statistical Manual of Mental Disorders-IV edition (DSM-IV)19 and National
Institute of Neurologic and Communicative Disorders and Stroke/Alzheimer Disease and
Related Disorders Association (NINCDS-ADRDA) criteria for AD.20 The protocol for this
study was approved by the University of Washington (UW) and GHC human subjects
review committees. All participants provided written informed consent prior to enrollment.

Blood Pressure Measurement and History of Antihypertensive Treatment
A trained nurse or technician measured blood pressure using standardized techniques at
enrollment and at each biennial follow-up examination. After participants sat at rest for at
least 5 minutes, the SBP was taken as the point of first hearing the Korotkoff sound and
diastolic blood pressure (DBP) as the point for disappearance of the Korotkoff sound. Two
blood pressure measurements were taken 5 minutes apart, and the average of the two
readings was used for analysis. At baseline and each biennial visit, a detailed medical
history and medication use were obtained by a standardized questionnaire. Specifically, the
question of “Are you taking prescribed medication for blood pressure now?” (yes/no) was
used to assess antihypertensive treatment at the time of evaluation.

Assessment of Neuropathologic Outcomes
Neuropathologic examinations were preformed in the UW Division of Neuropathology and
the UW AD Research Center (ADRC) Neuropathology Core. Neuropathologic assessment
of autopsy brains was performed as previously described.11, 21 In brief, all neuropathologic
evaluations were performed blinded to the clinical diagnosis and status of risk factors.
Brains were immersion-fixed in formalin for at least 2 weeks prior to dissection. Following
fixation, all brains were evaluated for any gross lesions, including the number of
macroscopic infarcts, which include lacunar and territorial infarcts. We limited our
evaluation of macroinfarcts to remote cystic infarcts (estimated > 1 year old), as acute and
subacute infarcts were thought unlikely to have contributed to longstanding cognitive
decline. Cerebral microinfarcts, infarcts too small to observe grossly but identified by
microscopy, were evaluated in bilateral sections of frontal lobe, temporal lobe, parietal lobe,
occipital lobe, caudate nucleus, putamen, internal capsule, and thalamus exactly according to
a protocol previously published by us11, 21 and fashioned after a method proposed by the
Honolulu Asia Aging Study.10 Greater than 2 microinfarcts is strongly and independently
associated with dementia in ACT participants.10, 11Neuritic plaques, which are associated
with AD, were scored according to the criteria of the Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD), resulting in a graded scale (0, A, B, or C; with scores B or
C associated with a higher likelihood of clinical AD).9, 22 Neurofibrillary tangles, which
are also associated with AD, were scored according to the methods of Braak and Braak,
resulting in a graded scale (0 to VI).7, 23 Neocortical Lewy bodies were evaluated by
immunohistochemical staining for α-synuclein according to an established method24 exactly
as previously described.11
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Statistical Analysis
All statistical analyses were stratified by baseline age (65 to 80 versus >80). Differences in
baseline characteristics in deceased ACT participants by autopsy status were assessed using
two sample t-tests for continuous measures and Fisher's exact tests for categorical measures.
Summary measures for continuous data are presented as means (± standard deviation (SD))
unless otherwise noted. In the subsample of deceased participants who were autopsied, we
sought to determine which of the five pathologic measures which have an association with
dementia (presence of 1or more macroscopic infarcts, presence of 2 or more microinfarcts,
neuritic plaque score B or C, neurofibrillary tangle Braak stage modeled as a continuous
variable, and presence of 1 or more neocortical Lewy bodies) were associated with baseline
blood pressure using linear regression models. Baseline SBP or DBP was the dependent
variable, and the five brain pathologic assessments were in the model together as
independent variables, with additional adjustment for age at baseline, gender and follow-up
time. The regression coefficients obtained for each pathologic measure represent the
estimated difference in blood pressure when the measured pathology is present versus absent
in individuals who have the same values for all other pathologies. For any pathologic
measure with a significant association with blood pressure (p ≤ 0.05), we then estimated the
relative risk (RR) of pathology presence by a 10 mmHg increase in SBP or a 5 mmHg
increase in DBP, using a generalized linear model with a log link, and Gaussian error and
robust estimations of the standard errors of the model coefficients.25, 26 The RRs were
adjusted for age at baseline, gender and follow-up time. The modifying effect of
antihypertensive treatment was examined by adding interaction terms for treatment × SBP or
treatment × DBP into the multiple regression model. Separate RRs were estimated for
untreated and treated participants. Linearity of the blood pressure-neuropathologic measures
association was assessed by constructing loess-smoothed curves of log risk by blood
pressure estimated from generalized additive models with Gaussian errors and log links.

Participants who underwent autopsy included all ACT participants who consented to
autopsy and whose bodies or brains could be transported to the UW Division of
Neuropathology for evaluation. Potential selection bias for autopsy was accounted for by
inverse probability weighting in a two-stage approach to adjust the composition of the
autopsied group to reflect the characteristics of the deceased group as a whole.27 First, the
probability that a participant underwent autopsy was estimated using logistic regression on
all participants who died (n=1167) with study characteristics that differed by autopsy status
as model covariates. Second, the inverse of these probabilities were used as weights in the
linear regression and the generalized linear models described above. A bootstrap was
applied to the 2-stage procedure to estimate 95% confidence intervals for the RRs. Analyses
were carried out using R 2.6.1 (R Foundation for Statistical Computing, Vienna, Austria)28
and Stata 10.0 (StataCorp LP, College Station, TX).

RESULTS
Participant Characteristics

Two-hundred fifty participants in ACT underwent brain autopsy with neuropathologic
assessments while 917 participants died without autopsy. Because we previously found that
the relationship between blood pressure at study entry and clinical dementia was age-
dependent,6 we examined characteristics in younger participants (age 65 to 80) and older
participants (age < 80) separately (Table 1). In younger participants, those who underwent
autopsy differed from those who died without autopsy in the following characteristics: age at
death, time from study entry to death, gender, ethnicity, years of education, presence of
coronary artery disease, hypertension diagnosis, antihypertensive treatment at study entry,
and development of dementia. In older participants, those who underwent autopsy differed
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from those who died without autopsy in the following characteristics: age at death, years
from study entry to death, CASI at study entry, and development of dementia.

Blood Pressure and Neuropathologic Changes
Linear regression analysis was performed for participants who had data available for all 5
neuropathologic measures and baseline blood pressure (age 65 to 80, n=137; age >80, n=91;
unavailable data specifically included: 2 participants missing microinfarct data, 8
macroinfarct data, 12 Lewy body data, and 1 baseline blood pressure). In younger
participants, linear regression analysis showed that of the five brain pathologic changes in
the model, only the presence of microinfarcts was independently associated with SBP,
where those with greater than two microinfarcts had an estimated mean SBP 11.5 mmHg
higher (95% confidence interval [CI]: 1.7, 21.3) than those with two or less microinfarcts
(Table 2). The association between SBP and cerebral microinfarcts was not present for older
participants (age > 80 years). Of individuals with greater than two microinfarcts, 11.3% had
cortical microinfarcts, 11.3% had subcortical microinfarcts, and 77.4% had both. There was
no association between DBP and any measure of pathologic change.

To assess further the association between SBP and presence of cerebral microinfarcts in the
younger age group, we estimated the RR of cerebral microinfarcts with each 10 mmHg
increase in SBP for 147 participants with available microinfarct data using the generalized
linear model described above, with presence of > 2 cerebral microinfarcts (versus 2 or less
cerebral microinfarcts) as the dependent variable and SBP as the independent variable. The
association between SBP and risk of > 2 cerebral microinfarcts was mainly linear
(confirmed graphically using a generalized additive model), with each 10 mmHg increment
of SBP associated with 15% higher risk for microinfarcts after adjusting for age-at-entry,
time to death and gender (Table 3).

Because cerebral microinfarcts were correlated with cystic macroinfarcts (p < 0.001,
Fisher’s exact test), we explored whether colinearity contributed to the lack of association
seen between SBP and cystic macroinfarcts in the younger age group in the linear regression
model presented in Table 2. Figure 1 shows mean SBP was not related to presence or
absence of cystic macroinfarcts. Estimates of the RR of at least one cystic infarct with
increasing blood pressure using the generalized linear models described above,
demonstrated no evidence of association between cystic macroinfarcts and SBP (RR: 1.03;
95% CI: 0.90, 1.18) or DBP (RR: 0.94; 95% CI: 0.77, 1.14).

Antihypertensive Treatment and Association between SBP and Cerebral Microinfarcts
Figure 2 shows SBP in those aged 65 to 80 years old based on presence or absence of
microinfarcts and self-reported antihypertensive treatment at study entry (90 participants
reported antihypertensive treatment; 50 of these were age 80 or less). Mean SBP was higher
in those with > 2 cerebral microinfarcts than those with ≤ 2 cerebral microinfarcts (mean
(±SD) 153 (18) versus 135 (18), t-test, p = 0.005) in the untreated group. This difference
was not found in the treated group (mean (±SD) 154 (25) versus 153 (23), t-test, p = 0.8).
Consistent with this observation, there was an elevated relative risk for > 2 cerebral
microinfarcts associated with SBP changes (RR: 1.48 per 10mmHg increase; 95% CI: 1.21,
1.81) in the untreated participants after adjusting for age-at-entry, time to death and gender
(Table 3). This elevated RR was not seen in participants who were taking antihypertensive
medications. The interaction between SBP and self-reported antihypertensive treatment in
the generalized linear model of microinfarcts in younger participants was significant
(p<0.001) suggesting that the SBP-microinfarct association in younger participants was
modified by antihypertensive treatment.
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Generalization from the Autopsy Sample to all ACT Participants who Died
Because of differences between participants who underwent autopsy and participants who
died without autopsy, we reanalyzed our data using inverse probability weighting, as
described in the Statistical Analysis section above with emphasis on determining if the
microinfarct-SBP association was robust to selection bias. From the results in Table 1,
potential selection bias variables were age at death, time from study entry to death, gender,
ethnicity, years of education, presence of coronary artery disease, hypertension diagnosis,
and clinical dementia. With this adjustment, no cerebrovascular or neurodegenerative
change was significantly correlated with blood pressure in the linear regression models of
blood pressure on the five neuropathologic measures. In particular, the estimated higher
mean difference in SBP in those with cerebral microinfarcts > 2 compared to those with
cerebral microinfarcts ≤2 found in participants age 65 to 80 attenuated to 5.1 mmHg (95%
CI: −6.4, 15.8). However, there continued to be a significantly elevated relative risk for
cerebral microinfarcts associated with SBP in younger participants who were not taking
antihypertensive medications after adjusting for selection bias (RR: 1.38; 95% CI: 1.05,
1.94).

DISCUSSION
In this evaluation of blood pressure and neuropathologic correlates of dementia, we found
that increased SBP measured at study enrollment (average of 7.7 years prior to death) was
associated with higher occurrence of cerebral microinfarcts in younger participants (aged 65
to 80 at enrollment), but not with the presence of cystic macroinfarcts, AD neuropathologic
changes (neurofibrillary tangles and neuritic plaques), or neocortical Lewy bodies. This
higher risk for microinfarcts associated with increased SBP was particularly strong in those
younger participants who did not report taking blood pressure medications. To our
knowledge, this is the first study investigating the relationship between blood pressure and
the multiple brain pathologic changes which are associated with cognitive impairment in
older adults, including measures of both neurodegeneration and cerebrovascular damage.

We, and others, have recently highlighted the importance of cerebral microinfarcts as an
independent pathological correlate of age-related cognitive impairment and dementia.10, 11
Microinfarcts are below the current limit of detection by current neuroimaging and are by
definition too small to be identified by visual inspection at autopsy; rather, they are revealed
by protocol-based regional microscopic examination for small vessel-based damage in the
cerebrum. We have shown that a burden of cerebral microinfarcts exceeding two is
associated with an approximately 5-fold increase in risk for incident dementia. 11 Although
the specific cerebral microinfarcts identified in our screening protocol may not be sufficient
by themselves to cause dementia, they may be structural indicators of more widespread
cerebral microangiopathy and associated brain injury. The finding of an association between
SBP and cerebral microinfarcts is consistent with reports of strong associations between
SBP and retinal microvascular abnormalities, such as generalized arteriolar narrowing and
arteriovenous nicking, from large population based studies;29, 30 retinal microvascular
changes may reflect brain microvascular changes, as they have been associated with an
increased risk of stroke, increased grade of white matter MRI changes,31 and cognitive
impairment.32

Our study did not find a significant correlation between blood pressure and the number of
cystic macroinfarcts on autopsy. Hypertension has been identified as a known risk factor for
ischemic stroke in longitudinal epidemiological studies.36–38 For example, the Framingham
study showed that the risk of ischemic stroke at age 60 and 70 years was associated with
elevated recent and antecedent blood pressure.37 Two other autopsy studies have found
conflicting results. Researchers from the Hisayama Study, using clinical and autopsy data,
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found that hypertension was a significant risk factor for all stroke subtypes except for
cardioembolic strokes in men.39, 40 The Honolulu Heart Study also observed that blood
pressure was associated with cerebrovascular lesions on autopsy, but this association did not
persist after individuals with myocardial infarctions were removed from their analysis; the
authors interpreted this finding as suggestive of two subsets of people with cerebral
infarction.41 Our study contained a smaller sample size than epidemiological studies and the
Hisayama Study, and had a smaller percentage of participants with coronary artery disease
than the Honolulu Heart Study. With these differences, it is possible that our sample was
underpowered to detect an association between cystic infarcts and blood pressure. Other
possible sample characteristics that could explain the lack of association between blood
pressure and cystic macroinfarcts in this study might include differences in race (primarily
Caucasian in our study versus Asian), gender, the prevalence of hyperlipidemia treatment or
aspirin use, or other lifestyle or demographic factors.

The relationship between blood pressure and AD neuropathologic change is less well
understood. It has been speculated that blood pressure abnormalities could have a direct
effect on the development of AD neuropathologic changes, including the hypothesis that
vascular damage can initiate a cascade of events that leads to AD pathology.42–44 Previous
autopsy studies have indeed found that hypertension increases risk for AD pathologic
changes. For example, researchers in the Honolulu Heart Program/Honolulu-Asia Aging
Study (HAAS) found that elevated midlife SBP (≥ 160 mm Hg) was associated with greater
numbers of neuritic plaques in the neocortex and hippocampus, and elevated DBP (≥ 95 mm
Hg) was associated with greater number of neurofibrillary tangles in the hippocampus. 15
This association was independent of the presence of macroinfarcts, but whether this
association was independent of microinfarcts was not investigated. Another difference
between our studies is that we have drawn associations with established staging systems for
neuritic plaques and neurofibrillary tangles (CERAD and Braak), rather than with the
number of these lesions in different regions as done by HAAS investigators. Finally, blood
pressure was determined at midlife in HAAS participants rather than in later years as in
ACT. Whether there is an independent link between blood pressure and AD pathologic
changes in ACT participants needs to be studied in the future as the autopsy sample
enlarges.

Our finding of an association between SBP and cerebral microinfarcts in younger
participants (age 65 to 80) is consistent with our previous study showing an association
between high SBP and greater clinical dementia risk in younger (age <75) but not older
participants.6 The current study, however, has a relatively small sample size, so additional
studies are needed to more definitively establish age-varying associations between
hypertension and dementia neuropathology. The presence of an age dependent association
may have implications on clinical practice, as benefits and risks of treating hypertension in
the very old versus young older adults are complex issues and greatly debated in the
literature.33–35

The strengths of our study are the representative sample of community-dwelling participants
from whom its autopsied subjects were drawn, its prospective study design and its relatively
large number of brain autopsies. Although our sample is overwhelmingly Caucasian (non-
Caucasians <5%), it includes both male and female participants and is more representative
of the US population in contrast to other studies, such as HAAS or the Religious Orders
Study.45, 46 Finally, we performed a comprehensive evaluation of pathologic changes in
brain, which involved examining hallmark changes of neurodegeneration and
cerebrovascular damage. Our study also has several limitations. As with all observational
studies, our findings suggest association but can not establish causation, and do not
determine whether additional cardiovascular risk factors may be involved. There are also
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sources of potential bias or confounding. A relatively obvious concern relates to the study’s
reliance on a select sample of individuals who died and gave permission to be autopsied.
Because hypertension relates to death in multiple pathways that are not easily assessed and
because the assessment of AD neuropathologic changes can occur only after death, the
possibility of confounding is substantial and is not readily adjusted for. Thus, our findings
should be extrapolated to living populations with caution. Furthermore, differences in age at
death, gender, and ethnicity of autopsied and nonautopsied participants further restrict the
generalizability of our findings. When we attempted to adjust for these variables, the overall
association between SBP and microinfarcts in those aged 65 to 80 was attenuated and no
longer statistically significant. However, an elevated risk of cerebral microinfarcts
associated with increased SBP in those participants without antihypertensive treatment
remained. One possibility for the reduced strength of association between SBP and cerebral
microinfarcts in the autopsied sample is that there were more participants who self-reported
hypertension and received antihypertensive treatment in those who died but did not undergo
autopsy. Because of the lack of association between SBP and cerebral microinfarcts in those
receiving antihypertensive treatment, extrapolating autopsy findings to a population with a
higher proportion of treated participants would reduce the association between SBP and
microinfarcts. Another concern is that treated versus untreated hypertension was assessed
through participants’ self-report that may be affected by recall bias. The recall bias is of
relatively less concern in our prospective study design because all participants were free of
dementia at the time enrollment. Whether self-reported treatment reflects the effect of blood
pressure control and/or the additional protective effect of an individual blood pressure
medication or medication class needs to be further investigated.

In summary, the association between SBP and > 2 cerebral microinfarcts in adults aged 65
to 80 in the current study, our previous determination that > 2 cerebral microinfarcts greatly
increases the risk of dementia, and our previous observation that elevated SBP increases risk
of dementia, provide converging evidence that elevated SBP might cause wide spread
microvascular damage to cerebrum, increasing risk of clinical dementia. Dementia risk
associated with hypertension as a modifiable risk factor may be reduced with adequate
treatment.
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Figure 1.
Box plots of systolic blood pressure in participants aged 65 to 80 years, by presence of > 2
microinfarcts and by presence of at least one cystic infarct. Boxes represent 50% of the data
with the horizontal bar denoting the median. Data points outside the “whiskers” are
considered outliers. A scatterplot of systolic blood pressure by jittered vascular pathology
category is overlaid.
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Figure 2.
Box plots of systolic blood pressure entry in participants aged 65–80 years, by presence of >
2 microinfarcts and by antihypertensive treatment at study entry. Boxes represent 50% of the
data with horizontal bar denoting the median. Data points outside the “whiskers” are
considered outliers. A scatterplot of systolic blood pressure by jittered treatment/pathology
category is overlaid.
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Table 3

Relative Risk (95% CI) of Microinfarct > 2 by Blood Pressure Change in Participants Aged 65–80*

Total (n=147) No antihypertensive
medication use (n=97)

Antihypertensive
medication use (n=50)

Systolic Blood Pressure (10 mmHg increase) 1.15 (1.00, 1.33) 1.48 (1.21, 1.81) 0.83 (0.63, 1.10)

Diastolic Blood Pressure (5 mmHg increase) 0.85 (0.64, 1.13) 1.05 (0.78, 1.41) 0.84 (0.73, 0.97)

*
Adjusted for age at entry, follow-up time and gender.
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