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Abstract
Objective

To examine associations of average and change in late-life blood pressure (BP) with cere-
brovascular and Alzheimer disease (AD) neuropathology in a large group of decedents followed
longitudinally in vivo.

Methods

This clinical-pathologic study was derived from prospective, community-based cohort studies
of aging with similar design and data collection. Measurements of systolic BP (SBP) and
diastolic BP (DBP) were obtained annually (mean follow-up 8 years, SD = 4.8). Postmortem
neuropathologic evaluations documented diseases of aging. Using regression analyses, we
examined associations of average and decline in late-life SBP, and separately in DBP, with
neuropathology.

Results

In 1,288 persons (mean age at death = 88.6 years; 65% women), the mean standardized person-
specific SBP across the study was 134 (SD = 13) and DBP was 71 (SD = 8) mm Hg. The odds of
brain infarcts were increased for participants with a higher mean SBP. Specifically, a person with
a 1 SD SBP above the mean (147 vs 134 mm Hg) would have a 46% increased odds of having
one or more infarcts, and an increased odds of gross infarct (46%) and microinfarct (36%).
Furthermore, a more rapidly declining SBP slope over time increased the odds of one or more
infarcts. Mean DBP, not slope, was related to brain infarcts. AD pathology analyses showed an
association of a higher mean SBP with higher number of tangles (p = 0.038) but not plaques or
other pathology (all p > 0.06). Changes in BP were not significantly related to AD pathology.

Conclusions

Higher average late-life SBP and DBP, and independently a faster decline in SBP, are associated
with increasing number of brain infarcts, including gross and microinfarcts. We found some
evidence for a relation of SBP with AD, specifically tangles. Both average and decline in BP are
related to brain disease.
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Glossary

AD = Alzheimer disease; BP = blood pressure; CI = confidence interval; DBP = diastolic blood pressure; OR = odds ratio;

SBP = systolic blood pressure.

While hypertension is a risk factor for stroke, less is known about
late-life blood pressure (BP), and in particular change in BP, and
the main underling pathology of stroke, brain infarcts. In addi-
tion, while there is extensive literature about BP and cerebro-
vascular disease on neuroimaging, ! few human data are available
on pathologically proven brain infarcts. Yet, brain infarcts are
common and often silent in aging (clinically undetected), and
even when neuroimaging is conducted, may be missed, especially
when small. These factors underscore the value of clinical-
pathologic studies to examine infarcts across a range of sizes,
including microinfarcts. To date, data on late-life BP and infarcts
are unclear, with some showing a relationship of systolic BP
(SBP) but not diastolic BP (DBP) with infarcts found on post-
mortem neuropathologic evaluation.® Separately, few studies
examine BP and other common brain diseases in aging such as
Alzheimer disease (AD), and while suggestions of an association
are present, these studies are largely limited to fluid-based sur-
rogate biomarkers.*® Despite the promise of emerging neuro-
imaging and biotechnological advances, research using direct
assessment of cerebrovascular and AD pathology remains nec-
essary to examine the association of BP with 2 common pa-
thologies of aging in the brain, some features of which can only be
definitely demonstrated by neuropathologic examination.

The overall hypothesis of the study was that late-life BP is
associated with common brain pathology of aging, specifically
cerebrovascular disease (infarcts) and neurodegeneration
(AD). To test the main hypothesis, we used data from nearly
1,300 participants in prospective
community-dwelling older women and men who were fol-
lowed annually during an average of 8 years until death, and
came to autopsy, allowing for detailed neuropathologic data
to be systematically collected. Because late-life BP is often not
static, we investigated the role of both mean and change in
late-life BP in relation to pathology. We used ordinal logistic
regression analyses adjusted for demographics, to examine
associations of both SBP and DBP with infarcts, including by
size and location in the brain, and large and small cerebral
vessel diseases. We used linear regression analyses to examine
associations of both SBP and DBP with overall and individual
measures of AD pathology, including plaques and tangles.
Secondary analyses considered effects of age and APOE &4,
BP-related variables such as hypertension and antihyperten-
sive medications, as well as vascular risk factors and diseases.

cohort studies of

Methods

Design overview
Participants were enrolled in 1 of 3 ongoing, prospective,
community-based cohort studies of aging (radc.rush.edu),
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which have essentially identical recruitment techniques and
alarge overlap of data collection, allowing for the combination
of data from the 3 studies to increase statistical power in the
examination of risk factors in aging.®’

Standard protocol approvals, registrations,
and patient consents

Participants signed an informed consent and were asked to
sign an anatomical gift act to donate their brain at time of
death. The studies were approved by the Rush University
Institutional Review Board.

Participants

The Religious Orders Study began enrolling Catholic clergy
in 1994 from across the United States.® Of 1,344 people en-
rolled at the time of analyses, 732 died and 675 came to
autopsy, of which 640 had neuropathologic data collection
complete for inclusion in this study. The Rush Memory and
Aging Project began in 1997, and of 1,865 lay persons in
Chicagoland enrolled, 820 died and 666 came to autopsy, and
data from 627 were available to be included.” The Minority
Aging Research Study enrolled 706 black participants in
Chicagoland since 2004, of which 118 had died, 19 came to
autopsy, and 17 had available data to be included.'® Therefore,
1,288 participants were included in analyses.

Clinical evaluations with BP assessment
Participants undergo annual clinical evaluations in the com-
munity setting, and data are recorded directly onto laptop
computers. Evaluations include a medical history, physical
examination with vital signs, and neuropsychological testing.
All medications, including antihypertensives, are visually
inspected and documented, and data are coded (Medi-Span,
Wolters Kluwer). Annual follow-ups are essentially identical
to baseline. The follow-up rates for the 3 cohorts are in the
range of 85% to 95%.°7'°

BP was measured at baseline and annually by a trained re-
search assistant using an automated sphygmomanometer and
in an environment familiar to the research participant (com-
munity setting, usually participant’s own residence).'* Three
values were recorded, with 2 in a seated position (about
a minute apart) and another in a standing position (after 1
minute standing), in keeping with a published BP clinical trial
protocol."? Given standing BP was not significantly different
from sitting, the average of these 3 values was used to derive
a mean SBP and mean DBP, as previously reported.’ For
analyses in the current study, we used longitudinal BP data on
each individual aligned at death, given that death is a strong
biological event with many physiologic changes. We com-
puted the standardized person-specific mean SBP (and
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separately DBP) over time across the years of the study to
represent level, as well as the slope of change in SBP (and
separately of DBP) to represent change over time. We model
the odds of pathology given a higher mean BP (level) and
declining BP (change). As previously reported, data in our
cohorts are very complete, lessening concerns about missing
data.®1°

Other data related to BP were collected, including a self-
reported history of hypertension (dichotomized as present or
not, using data from all study years) and use of antihyper-
tensive medications (similarly dichotomized).'! Furthermore,
vascular risk factors including diabetes, and vascular diseases
including stroke and myocardial infarction allowed compu-
tation of a number of factors present.13 The presence of an
APOE ¢4 allele was determined.

Neuropathologic data

Postmortem neuropathologic evaluations were conducted on
autopsied brains (mean postmortem interval = 9.1 [SD = 8.5]
hours across the 3 cohorts), blinded to clinical data, as previously
described **° Briefly, a uniform gross and histologic evaluation
examined for common age-related neuropathologies.

Cerebrovascular disease assessment documented gross
(macroscopic) infarcts on gross examination, and classified
number, volume, and location of each infarct, which was then
dissected and confirmed on microscopy and classified by age
(chronic/subacute/ acute).14 Microinfarcts were not visible to
the naked eye15 and were identified in blocks of at least 9 brain
regions that were paraffin-embedded and stained with he-
matoxylin & eosin. Location and age were also documented.
For analyses, only chronic infarcts were considered, and all
infarct variables were categorized into 3 levels: no infarct
(reference group), one infarct, and 2 or more infarcts. Fur-
thermore, cerebral vessel disease documented the semi-
quantitative severity of atherosclerosis, assessed on gross
examination of vessels in the circle of Willis, and arterio-
losclerosis, based on histologic examination using hematox-
ylin & eosin-stained sections of the anterior basal ganglia.16
To allow for analyses of severity, we categorized level of vessel
pathology into the following: not present, mild, moderate,
and severe pathology.

Neurodegenerative pathology data were also collected. A
continuous, overall AD pathology standardized measure
considers counts of neuritic plaques, diffuse plaques, and
neuronal neurofibrillary tangles from a 1-mm?* area (of
greatest density), from sections of entorhinal, hippocampus,
midfrontal, middle temporal, and inferior parietal cortices,
using a modified silver stain.*” For analyses, given that AD
pathology measures were not normally distributed, we
transformed data.

Statistical analysis
Descriptive statistics were used in the initial examination of
the variables of interest. All subsequent analyses were adjusted
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for age at death (centered at 89 years), sex, education (cen-
tered at 16 years), and years in study. The person-specific
mean BP was ascertained from the longitudinal data on
BP. Using linear mixed models, we also obtained the
person-specific BP slope using time in years from death. The
person-specific mean BP was standardized, so that in the in-
terpretation in the models, a value represents a departure of 1
SD from the mean. The person-specific slope in BP remained
in the original scale in the models but was inverted to rep-
resent a declining BP. We used ordinal logistic regression
analyses to determine the odds of separate cerebrovascular
outcomes, with outcomes being categorical variables from
none to higher levels of pathology. First, we determined the
odds of one and of more than one infarct (separately for any,
gross, micro, cortical, and subcortical infarcts) as compared to
no infarcts, by each of the mean and slope of SBP, and then
DBP separately, as continuous variable predictors. We also
examined the associations of BP with increasing severity of
vessel pathology (atherosclerosis and arteriolosclerosis). We
next determined the odds of AD pathology, for the overall and
individual AD measures (neuritic plaques, diffuse plaques,
neurofibrillary tangles), using linear regression analyses. In
these analyses, AD outcomes as continuous measures were
transformed by square root to reduce skewness. Because the
distribution of AD measures, even when transformed, has
some departure from normality and were skewed, to dem-
onstrate consistency of the main findings, we conducted
secondary sensitivity analyses in which we used ordinal lo-
gistic regressions with AD outcomes categorized into 4
groups, defined by the quartiles. Additional analyses were
conducted to examine for effect modification by age and to
consider for possible confounding by common vascular
factors.

Core models were validated and analyses were programmed
in SAS (version 9.4; SAS Institute, Cary, NC).

Data availability

Raw data are available by request from qualified investigators
applying through the Rush Alzheimer’s Disease Center
(RADC) Research Resource Sharing Hub (radc.rush.edu/
home.htm).

Results

Participant characteristics

On average, participants were followed annually for 8.0 (SD =
4.8) years and died at an age of 88.6 years (table 1). The mean
SBP was 136 mm Hg at baseline and 134 mm Hg when
averaged across the years of the study. SBP declined (slope),
on average, 0.8 mm Hg (SD = 0.8) per year. The DBP was
72 mm Hg at baseline and 71 mm Hg when averaged across
the years. DBP declined, on average, 0.1 mm Hg (SD = 0.4)
per year. Comparing subjects who died with autopsy to those
who died without autopsy, the age and education ranges were
similar and there was no difference in the means of SBP or

Neurology | Volume 91, Number 6 | August?, 2018

e519


https://www.radc.rush.edu/home.htm
https://www.radc.rush.edu/home.htm
http://neurology.org/n

Table 1 Demographic, clinical, and neuropathologic
characteristics of participants®

Table 1 Demographic, clinical, and neuropathologic
characteristics of participants? (continued)

Total Total
(n =1,288) (n =1,288)
Demographic Neuritic plaques 0.8 (0.8)
Age at death, y, mean (SD) 88.6 (6.7) Diffuse plaques 0.7 (0.8)
Female, n (%) 842 (65) Neurofibrillary tangles 0.6 (0.8)
APOE £4, n (%) 339(26) Abbreviations: BP = blood pressure; DBP = diastolic blood pressure; SBP =
. systolic blood pressure.
Education, y, mean (SD) 16.3(3.7) aData represent mean (SD) or n (%).
. b See text for description of clinical vascular measures; n represents number
Clinical of persons with a least one vascular condition present.
¢ Grade of moderate to severe.
BP, mm Hg, mean (SD) 9 See text for description of Alzheimer disease pathology measures used in
analyses.
SBP at baseline 136 (18)
SBP tud 134 (13 . . . .
mean across study 43 DBP. Decline in BP was nonlinear, and half of the decline
DBP at baseline 72 (10) occurred in the last 6 years before death. Over the course of
DBP mean across study 7@ the study, a history of hypertension was present in two-thirds
of participants, and most participants (1,122/1,288; 87%)
History of hypertension at any time, n (%) 843 (66) used an antihypertensive medication. Two-thirds of partic-
Antihypertensive medication use at any time, n (%) 1,122 (87) ipants had at least one vascular risk factor at baseline, and
. - b nearly a third had a vascular disease. Spearman correlations
Vascular risk factors at baseline, n (%) 853 (66)
showed that mean SBP and DBP across the years were
Vascular diseases at baseline, n (%)° 347 (28) moderately correlated with one another (r, = 0.42, p < 0.001).
Neuropathologic Correlation of BP with age was weak (for SBP: r, = 0.07, p =
0.014; for DBP: r, = —0.13, p < 0.001).
Brain infarcts, presence
Any type of infarct (size or location), n (%) Neuropathologic data showed that half (48%) of subjects had
single infarct 260 20) one or more chronic infarcts of any size or location. A third of
subjects had gross infarcts and a third had microinfarcts, and
Multiple infarcts 362(2¢8) 15% (193/1,288) had both gross and microinfarcts. Most
Gross infarct(s), n (%) subjects had some AD pathology (table 1).
Single infarct 2207 Relation of BP to cerebrovascular
Multiple infarcts 220 (17) disease pathology
o We first examined the relationship of BP with number of brain
Microinfarct(s), n (%) . . o .
infarcts (table 2). In an ordinal logistic regression model ad-
Single infarct 226 (18) justed for age at death, sex, education, and years in the study,
Multiple infarcts 147 (1) SBP was associated with an increased number of infarcts (one
and more than one) of any size or location. Specifically, for an
Cortical infarct(s), n (%) . . . .
increase by 1 SD in the standardized person-specific mean SBP
Single infarct 215(17) (e.g, from 134 to 147 mm Hg), there was a 46% increased odds
Multiple infarcts 124.(10) of having one or more than one infarct. For comparison, the
effect of an increase by 1 SD in the mean SBP on the odds of
Subcortical infarct(s) present, n (%) increased infarcts was equivalent to that of 9 years of age. We
Single infarct 229 (18) found that a l-unit-faster decline in the slope in SBP (from
,_ a stable BP, slope of zero) increased the odds of having one or
Multiple infarcts 222 (17) . . .
more than one infarct by 20% (table 2). In additional sensitivity
Vessel pathology,® n (%) analyses, first excluding all black participants and then exclud-
Atherosclerosis 452 (35) ing those with a stroke prior to study entry, results were es-
- - sentially unchanged (data not shown). In 2 additional models,
Arteriolosclerosis 42733) results were consistent for infarct outcomes that were consid-
AD pathology, mean (SD) ering number and size of infarcts, with both the mean and slope
Global score 07 (0.6) of SBP being associated with increased odds of having more
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gross infarcts and, separately, more microinfarcts (table 2).
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Table 2 Relationship of blood pressure with number of brain

infarcts®

SBP terms

DBP terms

Outcome Person-specific mean® Person-specifi

ic slope® Person-specific mean® Person-specific slope®

Any infarct® 1.46 (1.24-1.72)

1.20 (1.03-1.39)

1.28 (1.09-1.50) 1.19(0.92-1.55)

Gross infarct(s) 1.46 (1.22-1.74)

1.18 (1.01-1.38)

1.22(1.02-1.45) 1.06 (0.80-1.41)

Microinfarct(s) 1.36 (1.13-1.64)

1.29(1.09-1.52)

1.25(1.04-1.50) 1.37(1.03-1.84)

Cortical infarct(s) 1.20 (1.00-1.46)

1.23 (1.04-1.46)

1.09 (0.90-1.32) 1.34 (0.99-1.80)

Subcortical infarct(s) 1.46 (1.22-1.74)

1.14 (0.97-1.34)

1.22(1.03-1.45) 1.07 (0.81-1.42)

Abbreviations: DBP = diastolic blood pressure; SBP = systolic blood pressure.
Data represent odds ratio (95% confidence interval).

2 Ten ordinal logistic regression models, one for each of the 5 infarct outcomes (each categorized into 3 levels, as multiple, single, none [reference]) separately
for the 2 predictors of SBP and DBP; all models adjusted for age at death, sex, education, and years in study; all infarcts are chronic.

b Terms for the standardized person-specific mean and declining slope of blood pressure are both included in a single analytic model.

€Any infarct refers to infarcts of any size (gross or microscopic) and location (cortical or subcortical).

Results in analyses considering infarct location showed that the
slope of (but not the mean) SBP was associated with cortical
infarcts and the mean (but not the slope) SBP was associated
with subcortical infarcts (table 2).

The relationship of DBP to infarcts was weaker and less con-
sistent compared to that of SBP. An increase in 1 SD from the
mean DBP value (e.g., from 71 to 79 mm Hg) was associated
with a 28% increased odds of any infarct, but the slope in DBP
was not associated with infarcts (table 2). In additional sensi-
tivity analyses, first excluding all black participants and then

excluding those with a stroke prior to study entry, results were
essentially unchanged (data not shown). Analyses by infarct
number and size showed that the mean DBP (but not slope)
was associated with gross infarcts and that both the mean and
slope DBP were associated with microinfarcts. Analyses by
infarct location showed that DBP was not associated with
cortical infarcts, but the mean (and not the slope) was associ-
ated with subcortical infarcts (table 2).

Figure 1 illustrates the relationship of standardized means and
declining slopes of SBP and DBP with number of brain

Figure 1 Relation of mean and slope of blood pressure with brain infarcts

A. Systolic blood pressure

B. Diastolic blood pressure

—+—Mean
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° T T -
=]
E - -
n 1.25 - 1.25 -+
B £ i - =
o
(@] .
- -
1.00 i 1.00
0.75 0.75
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infarct infarcts infarcts  infarcts  infarcts infarct  infarcts infarcts infarcts infarcts

Horizontal dashed line represents an odds ratio of 1. (A) Associations between the mean and declining slope of systolic blood pressure with each of the infarct
outcomes (categorized as one, and more than one, compared to the reference of none), including any infarcts, gross infarcts and microinfarcts, and cortical
and subcortical infarcts. (B) Associations for diastolic blood pressure with the same infarct outcomes.
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Table 3 Relationship of blood pressure with Alzheimer disease neuropathology?

SBP DBP
Outcome Person-specific mean® Person-specific slope® Person-specific mean® Person-specific slope®
Global score 0.031(0.017), 0.065 0.005 (0.015), 0.727 -0.006 (0.017), 0.701 -0.006 (0.027), 0.826

Neuritic plaques 0.026 (0.022), 0.249

-0.004 (0.020), 0.832

-0.014 (0.022), 0.523 -0.033 (0.036), 0.366

Diffuse plaques 0.039 (0.021), 0.063

0.004 (0.019), 0.837

-0.002 (0.021), 0.926 0.017 (0.034), 0.612

Neurofibrillary tangles 0.037 (0.018), 0.038

0.020(0.016), 0.212

0.006 (0.018), 0.731 -0.010 (0.003), 0.078

Abbreviations: DBP = diastolic blood pressure; SBP = systolic blood pressure.
Data represent estimate (SE), p value.

2 Eight linear regression models, one for each of the 4 Alzheimer disease pathology outcomes (each transformed using the square root), and separately for
SBP and DBP; all models adjusted for age at death, sex, education, and years in study.
® Terms for the standardized person-specific mean and declining slope of blood pressure are both included in a single analytic model.

infarcts, including any, gross, and microinfarcts, and sepa-
rately cortical and subcortical infarcts.

To further examine cerebrovascular disease, we next conducted
additional analyses for large and small cerebral vessel diseases.
First, in analyses of atherosclerosis outcomes, we found that the
mean SBP was associated with higher severity grades of ath-
erosclerosis (odds ratio [OR] = 1.95; 95% confidence interval
[CI]: 1.66-2.29), and there was a borderline relation with the
declining slope of SBP with higher severity grades (OR = 1.16;
95% CI: 0.9996-1.339; p = 0.0507). Second, in analyses of
arteriolosclerosis, the mean SBP was associated with higher
severity grades of arteriolosclerosis (OR = 1.23; 95% CI:
1.05-1.43), but there was no association of the slope of SBP
with arteriolosclerosis (p = 0.900). Analyses were repeated
using DBP predictors. Both the mean (OR = 1.36; 95% CI:
1.16-1.59) and declining slope of DBP (OR = 1.43; 95% CI:
1.10-1.84) were associated with higher atherosclerosis severity.
There was no significant association of the mean or slope of
DBP with arteriolosclerosis (both p > 0.078).

Relation of BP to AD pathology

We used 8 linear regression models adjusted for age at death,
sex, education, and years in study to examine the relation of
mean and slope of SBP and DBP with level of AD pathology
(table 3). We found an association of higher mean SBP with
higher numbers of tangles (p = 0.038) but no relation of slope
of change in SBP with tangles. We did not find relations
otherwise between mean or slope of SBP and global or in-
dividual measures of AD pathology (including plaques) or
between mean and slope of DBP and AD (table 3). In sec-
ondary analyses using AD measures categorized into quartiles,
results were consistent: higher mean SBP was associated with
higher levels of tangle pathology (estimate = 0.168, SD =
0.078; p = 0.031), and no other significant associations of SBP
or DBP were present (all p > 0.058).

Additional analyses of factors with potential to
affect relations

To test for the possibility that age may modify the association
of BP with neuropathology, we used ordinal logistic
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regression models with 2 additional terms for age at death X
mean BP and age at death x slope of BP for SBP and DBP
separately. In the first analysis with any infarct as the outcome,
we found that an increase in the mean SBP was associated
with increased odds of having more infarcts, as in the core
analyses. In addition, we found an interaction of age X mean
SBP, in that the effect of the mean SBP on infarcts was de-
creased with an increasing age (p = 0.014 for interaction). In
the same model, there was no interaction of age with the SBP
slope (p = 0.630). In a separate model, there was no in-
teraction of age with the mean or slope DBP (both p > 0.255).
The relation of SBP and DBP with any infarcts according to
age is shown in figure 2. In separate analyses with AD pa-
thology as the outcome, there were no interactions of age with
mean or slope of SBP or DBP, considering overall AD pa-
thology or neurofibrillary tangles specifically (data not

shown).

We conducted additional analyses to control for vascular
factors with potential to affect associations. Each of the fol-
lowing terms was added separately to the core model with
neuropathology as the outcome: APOE &4, a history of hy-
pertension, antihypertensive medication use at any time in the
study, vascular risk factors, and vascular diseases. The asso-
ciations of mean and slope SBP and DBP with any infarct were
essentially unchanged (data not shown). Furthermore, the
associations of mean and slope SBP and DBP with neurofi-
brillary tangles were also essentially unchanged (data not
shown).

Discussion

In this study of nearly 1,300 deceased participants enrolled in
a prospective, community-based cohort study, higher person-
specific averages across the years in late-life SBP and DBP
were each separately associated with the presence and number
of brain infarcts at autopsy. While taking into account level of
BP, we also found that a faster decline in BP over time, es-
pecially in SBP, was associated with increasing number of
infarcts. Results were consistent with findings for both the
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Figure 2 Relation of mean and slope of blood pressure with brain infarcts, according to age
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presence and number of gross infarcts, as well as microinfarcts
separately. We also found associations of BP, and especially
mean SBP, with higher severity of vessel diseases, most no-
tably atherosclerosis. Furthermore, there was some evidence
for a relation of SBP with AD pathology, specifically neuro-
fibrillary tangles, but not of SBP or DBP with neuritic (am-
yloid) plaques. In addition, we found an effect modification by
age, such that the effect of mean SBP on infarcts decreased
with aging. However, associations of BP with neuropathology
remained after controlling for several vascular factors, in-
cluding APOE &4, hypertension, and antihypertensive medi-
cation use.

BP across a range of values has been shown to be associated
with stroke, but most data are available in midlife."” Fur-
thermore, stroke is a clinical condition for which attribution to
underlying pathology is imperfect, and autopsy data allow for
the identification of a range of pathologies, vascular and others
not currently identifiable in vivo. Some data have shown
arelation of midlife BP to autopsy-verified infarcts. In analyses
of approximately 750 men who underwent autopsy as part of
the Hisayama study, first available DBP (in midlife, but age
not specified) was associated with infarcts based on gross
examination of the brain only, but the association of SBP with
infarcts was not reported in the regression analysis.'® Less is
known about late-life BP and pathologically proven infarcts.
The recent Adult Changes in Thought study with 250 older
participants found an increased relative risk for more than 2
microinfarcts with increasing baseline late-life SBP, but this
association was not present when hypertensive medications
were controlled for.> Also, there was no association of baseline
SBP with cystic macroinfarcts, or baseline DBP with cere-
brovascular pathology, whether micro- or macroinfarcts.’ Our
study builds on prior research by including a larger cohort of
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both women and men, considering SBP and DBP across time
(yearly data, during an average of 8 years), using both the
person-specific mean and slope from death, and examining
additional vascular pathology outcomes including vessel dis-
eases. We found that both higher mean and faster decline in
SBP were associated with increasing number of infarcts, and
with both gross and microinfarcts separately. In analyses of
regional pathology, the slope of SBP was associated with
cortical infarcts, and the mean SBP with subcortical infarcts.
Relationships of DBP with infarcts were also present but less
consistent than those for SBP. The mean but not the slope of
DBP was associated with any infarcts, and separately for gross
infarcts, and both the mean and slope were associated with
microinfarcts. Regional outcomes showed only an association
of mean DBP with subcortical pathology. Much work remains
to be done to further define the relationship of BP with brain
infarcts, including with infarct type such as thrombotic or
embolic with or without secondary hemorrhagic conversion,
and other studies will need to address these issues.

To better understand BP and cerebrovascular disease, we also
directly examined large and small vessel pathology. Prior work
has shown that cerebral vessel disease is associated with
infarcts."” We are not aware of any prior systematically con-
ducted, pathologic study of both atherosclerosis and arterio-
losclerosis in relation to measured SBP and DBP. We found
that mean late-life SBP was associated with atherosclerosis
and, separately, arteriolosclerosis. Results with DBP were
again less consistent, with the mean and slope of DBP being
associated with atherosclerosis but not arteriolosclerosis. In
the same cohorts, we have shown that arteriolosclerosis and
atherosclerosis are related to brain infarcts.'® Our data suggest
that average BP, and especially SBP, may remain an important
determinant of cerebrovascular disease in late life.
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The association of decline in SBP with infarcts is a novel and
important finding. Declining SBP has been previously ob-
served in the very old, and reported to be associated with
mortality.””*' We are aware of only one prior, recent, and
much smaller study examining the link between declining BP
and brain infarcts, which found a relation of decline in BP with
microinfarcts in 297 autopsied persons.”> Other cerebrovas-
cular (e.g, gross infarcts and vessel pathologies) and neuro-
degenerative pathologies were not examined.”> Our data are
consistent and expand on the literature, notably by showing
that declining SBP was related to gross infarcts, microinfarcts,
and cortical infarcts, but not subcortical infarcts, and there was
also a borderline relationship with atherosclerosis. It is in-
triguing to speculate that declining BP in aging in persons
with atherosclerosis could lead to decreased cerebral perfu-
sion and increased risk of specific types of infarcts.

In examining BP and common neuropathology of aging, more
recent work has focused on AD pathology, building on
observations that high, but also possibly low, BP increases
dementia risk, including dementia attributed to AD, and the
knowledge that AD is the single most common pathologic
cause of dementia in aging, followed by vascular disease as the
second most common cause.”> >’ Few data on BP and AD
pathology are available in humans. In one study of 243
autopsied, Japanese-American men followed longitudinally,
midlife SBP was associated with an increased number of neu-
ritic plaques and midlife DBP with increased neurofibrillary
tangles.”® Other data suggest a relationship of BP to biomarkers
of AD pathology, such as B-amyloid in CSF and atrophy on
brain imaging.‘*’s’29 We are, however, not aware of data on late-
life BP and direct measurement of AD pathology in the brain.
In our study, we found an association of a higher mean SBP
with higher number of tangles, and this association was present
using 2 different analytic approaches (with tangles as a contin-
uous variable, and separately as a categorical variable). The
mechanism by which higher average late-life SBP may increase
tangles in not clear, though vascular factors as a mechanism in
AD pathogenesis has long been postulated. Of note, results for
the slope of SBP with tangles was not significant, despite some
previous data showing an association of decreasing late-life BP
with dementia.*® Our finding of an association with tangles is
difficult to interpret and will need to be replicated in other
cohorts. At this time, there is overall very little evidence that BP
increases the odds of amyloid pathology.

Because BP changes with aging and disease,”*" the potential
role of age on the relationship of BP with neuropathology
needs evaluation. Few data directly address this question.
Published data using stratified models by age showed that only
younger-old patients (among an older cohort aged >6S years)
had an increased risk of microinfarcts with increasing baseline
SBP.> Our data support this observation and expand our
knowledge in this area. In addition to controlling for age in all
our models, we also specifically examined for effect modifica-
tion. We found that, in the total group, the effect of the mean
SBP over time on infarcts (of any size) was decreased with an
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increasing age at death (significant interaction of age with mean
SBP). By contrast, older age did not affect the analyses using
slope of SBP, or mean and slope of DBP, on infarcts or AD
pathology. These data may have important public health
implications for BP recommendations in late life. As a whole,
BP associations with health and disease appear to be important
across the lifespan, but associations in late life may become
more complex, possibly because of competing risk of vessel
disease, cerebral perfusion, and other factors. Further study of
BP and brain health in late life is warranted. While our results
are not actionable in the clinical care setting, they can mean-
ingfully guide future studies into the biological effects of BP on
the brain, clinical trials of BP in aging, and research on the
relation of change in BP in aging to important clinical outcomes
including cognitive and motor function.

It is important to consider how vascular factors, including hy-
pertension and medications, may affect results. Wang et al.®
reported that SBP was associated with microinfarcts only in
those self-reporting as not taking treatment for hypertension.
In addition, some data suggest an association of antihyper-
tensive medication use in persons who have hypertension with
less AD pathology compared to persons without hyperten-
sion.>> Of note, in our study across a range of BP values, we did
not find that a diagnosis of hypertension or use of anti-
hypertensives affected the results. Given that most participants
were using antihypertensives, it will be important to further
study BP trajectory in aging and infarct risk in persons taking
and not taking specific treatments. In addition to hypertension
and medications, whether other vascular factors have a role in
BP and neuropathology also needs consideration. Several
previous studies control for vascular factors, including APOE €4
(e.g., references S and 28), and most have not found effects of
these on the relation of BP to neuropathology. However, be-
cause BP and infarcts are both associated with other vascular
factors, we also conducted analyses controlling for potential
covariates including APOE &4, vascular risk factors, and vascular
diseases. Our results with infarcts and neurofibrillary tangles
were essentially unchanged, suggesting that these vascular
factors do not affect the observed associations of BP with
neuropathology. Further work is needed to identify at-risk
subgroups and associated mechanisms by which mean and
slope of BP are associated with neuropathology.

This study has several methodologic strengths. First, the
primary predictor was measured BP, considered both SBP and
DBP separately, examined the full range of values (rather than
only high), and took into account data over an average of 8
years. Second, analyses simultaneously examined the effects of
mean BP across the years as well as the slope of change in BP
over time. Third, this study of a large sample of nearly 1,300
participants, women and men, who were community-
dwelling, followed annually (with high follow-up rates), and
came to autopsy, has high internal validity and is more rep-
resentative of the general population than clinic-based and
most other studies on BP and brain infarcts to date. Fourth,
systematically collected neuropathologic data were available
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on both cerebrovascular and AD pathology, blinded to clinical
data. However, there are also weaknesses. Most important, we
do not have access to midlife BP measurements. Also, BP data
from time points in between the annual evaluations are not
available, and potential effects of shorter-term changes in BP
cannot be determined (e.g, acute episode of hypertension
associated with stroke). In addition, most participants were on
antihypertensive medications and BP was relatively well
controlled, limiting our ability to observe effects of BP with
a wider distribution of values. Furthermore, neuropathologic
data, while extensive, did not consider other markers such as
specific white matter pathology, perhaps best quantified using
neuroimaging. Finally, additional data that may shed light on
potential indirect mechanisms linking BP to infarcts, in-
cluding via cardiovascular dysfunction and others, as well as
data that would determine when an infarct occurred in life,
were not available, and mechanistic analyses were not
examined.
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