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IMPORTANCE The association between late-life blood pressure (BP) and cognitionmay

depend on the presence and chronicity of past hypertension. Late-life declines in blood

pressure following prolonged hypertensionmay be associated with poor cognitive outcomes.

OBJECTIVE To examine the association of midlife to late-life BP patterns with subsequent

dementia, mild cognitive impairment, and cognitive decline.

DESIGN, SETTING, AND PARTICIPANTS The Atherosclerosis Risk in Communities prospective

population-based cohort study enrolled 4761 participants during midlife (visit 1, 1987-1989)

and followed-up over 6 visits through 2016-2017 (visit 6). BP was examined over 24 years at 5

in-person visits between visits 1 and 5 (2011-2013). During visits 5 and 6, participants

underwent detailed neurocognitive evaluation. The setting was 4 US communities:

Washington County, Maryland; Forsyth County, North Carolina; Jackson, Mississippi; and

Minneapolis, Minnesota. Follow-up ended on December 31, 2017.

EXPOSURES Five groups based on longitudinal patterns of normotension, hypertension

(>140/90mmHg), and hypotension (<90/60mmHg) at visits 1 to 5.

MAIN OUTCOMES ANDMEASURES Primary outcomewas dementia onset after visit 5, based

on Ascertain Dementia-8 informant questionnaires, Six-Item Screener telephone

assessments, hospital discharge and death certificate codes, and the visit 6 neurocognitive

evaluation. Secondary outcomewasmild cognitive impairment at visit 6, based on the

neurocognitive evaluation.

RESULTS Among 4761 participants (2821 [59%] women; 979 [21%] black race; visit 5 mean

[SD] age, 75 [5] years; visit 1 mean age range, 44-66 years; visit 5 mean age range, 66-90

years), there were 516 (11%) incident dementia cases between visits 5 and 6. The dementia

incidence rate for participants with normotension in midlife (n = 833) and late life was 1.31

(95% CI, 1.00-1.72 per 100 person-years); for midlife normotension and late-life hypertension

(n = 1559), 1.99 (95% CI, 1.69-2.32 per 100 person-years); for midlife and late-life

hypertension (n = 1030), 2.83 (95% CI, 2.40-3.35 per 100 person-years); for midlife

normotension and late-life hypotension (n = 927), 2.07 (95% CI, 1.68-2.54 per 100

person-years); and for midlife hypertension and late-life hypotension (n = 389), 4.26 (95%

CI, 3.40-5.32 per 100 person-years). Participants in themidlife and late-life hypertension

group (hazard ratio [HR], 1.49 [95% CI, 1.06-2.08]) and in themidlife hypertension and

late-life hypotension group (HR, 1.62 [95% CI, 1.11-2.37]) had significantly increased risk of

subsequent dementia compared with those who remained normotensive. Irrespective of

late-life BP, sustained hypertension in midlife was associated with dementia risk (HR, 1.41

[95% CI, 1.17-1.71]). Compared with those whowere normotensive in midlife and late life, only

participants with midlife hypertension and late-life hypotension had higher risk of mild

cognitive impairment (37 affected individuals (odds ratio, 1.65 [95% CI, 1.01-2.69]). There was

no significant association of BP patterns with late-life cognitive change.

CONCLUSIONS AND RELEVANCE In this community-based cohort with long-term follow-up,

sustained hypertension in midlife to late life and a pattern of midlife hypertension and

late-life hypotension, compared with midlife and late-life normal BP, were associated with

increased risk for subsequent dementia.
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H
igh blood pressure, and in certain circumstances, low

bloodpressure,havebeenassociatedwithcognitivede-

cline and dementia in community-based studies, sug-

gesting that bloodpressuremay serve as a viable target for pri-

mary or secondary dementia prevention.1 Accumulating

evidence2,3 suggests that hypertension during midlife may be

a risk factor for cognitive decline and dementia. While the re-

lationship of elevated blood pressure during the 7th, 8th, and

9th decades of life with cognitive outcomes is less clear,1 sev-

eral studies indicate thatoptimalbloodpressureranges forolder

adultsmaydependonearlier bloodpressure characteristics.4,5

However, few large-scale studies have examined dynamic

midlife to late-life bloodpressurepatterns longitudinally in re-

lation to subsequent cognitive decline and dementia, making

it difficult to draw firm conclusions.4,6

An improved understanding of the evolving relationship

between late-life bloodpressure, past hypertension, and cog-

nitive functioning must be established before recommenda-

tionscanbemadewith regard tobloodpressure targets for low-

ering the risk of dementia in older adults. TheAtherosclerosis

Risk in Communities (ARIC) study has recorded blood pres-

sure information for its cohort over 24years, includingmidlife

to late-life.Using thiscommunity-basedsampleofmostlyblack

andwhite participants, the current study examined the asso-

ciation of midlife to late-life blood pressure patterns with in-

cidentdementia,mild cognitive impairment, and late-life cog-

nitivechange.This studytested thehypothesis that individuals

with an extended duration of midlife hypertension followed

by lowbloodpressure later in life are at higher risk for demen-

tia in older age.

Methods

Participants

This ongoing community-based cohort study initially enrolled

15 792participants (aged45-65 years) from4US communities:

WashingtonCounty,Maryland;ForsythCounty,NorthCarolina;

northwesternsuburbsofMinneapolis,Minnesota;andJackson,

Mississippi from 1987 to 1989.7 Participants were evaluated

in person every 3 years until visit 4 (1996-1998) (Figure 1).

Fifteen years later, participants were invited back for visit 5

(2011-2013). Participants returned forvisit 6between2016and

2017. At visits 5 and 6, participants underwent a comprehen-

sive cognitive and functional assessment. This analysis in-

cluded all participants who received a baseline cognitive bat-

teryandfunctionalassessmentatvisit 5, excludingparticipants

whometcriteria fordementiabeforeoratvisit5andthosemiss-

ing data on important variables (eFigure 1 in the Supplement).

The studyprotocolswere approvedby the institutional review

boards at each participating center. All participants gave writ-

ten informed consent at each study visit; proxies (usually next

of kin or other family members) provided consent for partici-

pants whowere judged to lack capacity.

BloodPressureAssessment, Hypertension, andHypotension

Sitting diastolic and systolic blood pressure (SBP) levels were

assessed at visits 1 through 5 using a random zero sphygmo-

manometer.Bloodpressurewasdefinedas themeanof the last

2measurements (>30-second interval betweeneachmeasure-

ment). Hypertensionwas defined as SBP above 140mmHgor

diastolic blood pressure (DBP) above 90 mm Hg. Hypoten-

sionwasdefined at visit 5 as SBP lower than90mmHgorDBP

lower than 60 mm Hg, irrespective of current antihyperten-

sivemedicationuseorhypertensiondiagnosis.8-10Midlife hy-

pertension was defined as meeting hypertension criteria for

2 consecutive visits between visits 1 and 4; persons notmeet-

ing this criterionwereclassifiedasmidlifenormotensive.Late-

life normotension, hypertension, and hypotension were de-

fined at visit 5. To define 24-year blood pressure patterns,

participants were grouped into one of the 5 categories based

on blood pressure measured at visits 1 to 5 (Figure 1): midlife

and late-life normotension; midlife normotension and late-

life hypertension; midlife and late-life hypertension; midlife

normotension and late-life hypotension; and midlife hyper-

tension and late-life hypotension. Twoapproacheswereused

to define these blood pressure categories. The primary ap-

proachused the standardhypertensiondefinition,which clas-

sified a participant as hypertensive if the participant met hy-

pertension criteria basedonmeasuredbloodpressure or if the

participantwas takingbloodpressuremedication at that visit,

even if the individual’sbloodpressurewas in thenormal range.

In a post hoc exploratory analysis, the measured hyperten-

sion definition was used, which classified participants as hy-

pertensivebasedon theirmeasuredbloodpressurevalueonly

(eFigure 2 in the Supplement).

Outcomes

Primary Outcome of Dementia

For participants who attended visit 6, a comprehensive neu-

ropsychological battery andan informant interviewwereused

to assess dementia.11An initial algorithmic dementia diagno-

sis at visit 6was definedwhen 3 criteriaweremet: Functional

Activities Questionnaire greater than 5 or Clinical Dementia

Rating sum of boxes greater than 3; at least 2 cognitive do-

mainscoresgreater than1.5 standarddeviationsbelowthenor-

mativemean; andanoverall decline fromvisit 5 on the study’s

cognitivebatteryof greater than0.055 standarddeviationsper

year (the approximate rate of cognitive decline in neurologi-

cally healthy older adults).12,13 Dementia diagnoses were re-

viewed and confirmed by an expert committee (unaware of

Key Points

Question Are specific midlife to late-life longitudinal blood

pressure patterns associated with increased risk of dementia

among older adults?

Finding In this prospective cohort study that included 4761

participants with 24-year follow-up and blood pressure

measurements at midlife and at late life, those with midlife and

late-life hypertension (hazard ratio, 1.49) and those with midlife

hypertension and late-life hypotension (hazard ratio, 1.62) had

higher risk for incident dementia compared with those who

remained normotensive.

Meaning Patterns of blood pressure in midlife and late life may be

associated with differing risks for incident dementia.
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blood pressure measurement or hypertension status) based

on criteria set by the National Institute on Aging and the

Alzheimer’s Association14 and the Diagnostic and Statistical

Manual of Mental Disorders (Fifth Edition).11,15 Between visits

5 and 6, participants were contacted annually by telephone

and administered the Six-Item Screener.16 When indicated

by low Six-Item Screener scores or when proxies were

needed for the annual calls, the participant’s informant was

administered the Ascertain Dementia 8-Item Informant

Questionnaire.17 These measures were used to estimate date

of dementia onset for participants who attended visit 6. For

participants who did not attend visit 6, the Six-Item

Screener, Ascertain Dementia 8-Item Informant Question-

naire, hospital discharge codes, and death certificates were

used to define dementia diagnosis and date dementia of

onset (eTable 1 in the Supplement).

Secondary Outcome ofMild Cognitive Impairment

Amongparticipantswithoutdementia,mild cognitive impair-

ment at visit 6wasdefined as at least 1 cognitivedomain score

greater than 1.5 standard deviations below the cohort’s nor-

mative mean (described in the next section),18 a Clinical De-

mentia Rating sum of boxes (≥0.5 and ≤3), a Functional Ac-

tivitiesQuestionnaire score of 5 or less, and anoverall decline

from visit 5 on the full cognitive battery of greater than 0.055

standard deviations per year.

Secondary Outcome of Cognitive Change

A battery of neuropsychological tests was administered to as-

sessmemory,processingspeedandexecutivefunction,andlan-

guage (eMethods in theSupplement).Usinga latentvariableap-

proach described in the eMethods,19 a global cognitive z score

(observed range,−3.7 [worst] to2.9 [best])wasgeneratedusing

all neuropsychological tests at visits 5 and6. This global cogni-

tive z score was used to estimate 5-year cognitive change.

Covariates

Analyses were adjusted for the following set of potential con-

foundingvariables:sex, race(selectedfromseveralchoices),and

years of education, defined at visit 1 based on the participant’s

self-report.Racewasexaminedgivenprevious results suggest-

ingracemaymoderatetheassociationbetweenvascularriskfac-

torsanddementia.20Allothercovariateswereassessedatvisit5,

concurrentwiththebaselinecognitiveassessment.Ageandciga-

rettesmokingandalcoholusestatus (currentvsformervsnever)

weredefinedbasedonself-report.Bodymass index (calculated

Figure 1. Study Timeline and Longitudinal Blood Pressure Patterns

n = 15 792

54 (6)

2011-2013a

1777 Excluded

4761 Included in analysis

900

427

318

93

23

16

Missing covariatesd

Dementia not ascertained
Dementia
Missing BP informatione

Black race in Minnesota or 
Washington County, Maryland
Nonblack or white race

1987-1989Time 1990-1992 1993-1995 1996-1998 2016-2017

Visit 1

n = 14 348

57 (6)

Visit 2

n = 12 887

60 (6)

Visit 3

n = 11 656

63 (6)

Visit 4

n = 6538

75 (5)

Visit 5 Visit 5

Comprehensive cognitive assessment and 
dementia and mild cognitive impairment 
(MCI) adjudication

Annual telephone follow-up with Six-Item 
Screener (SIS) and/or the Ascertain Dementia 
8-Item Informant Questionnaire (AD8)

n = 3279

80 (5)

Visit 6b

No. of participants

Age, mean (SD), y

Visit

Mid- and late-life
normotension
n = 833 (18%)

Midlife normotension,
late-life hypertension
n = 1559  (33%)

Mid- and late-life 
hypertension
n = 1030 (22%)

Midlife normotension,
late-life hypotension
n = 927 (20%)

Midlife hypertension,
late-life hypotension
n = 389 (8%)

A Study timeline

B 24-Year blood pressure (BP) patternsc

C Testing and exclusion criteria 

Midlife BP  Late-Life BP

Visit 6

Comprehensive cognitive assessment 
and dementia and MCI adjudication

Between visits 5 and 6

aOf the participants who attended visit 4, 3304 died before visit 5 and 2247 did

not attend visit 5. There were 433 participants who did not attend visit 4 but

attended visit 5.

bBetween visits 5 and 6, 1777 participants in the analytic sample were excluded

(see panel C), 198 died, and 1284 did not attend visit 6.

c Blood pressure pattern groups based on blood pressure levels at Visits 1 to 5.

Dotted lines represent the approximate 24-year blood pressure pattern.

Hypertension was defined as systolic blood pressure >140mmHg, or diastolic

blood pressure >90mmHg, or use of antihypertensive medication.

Hypotension was defined as systolic blood pressure <90 or diastolic blood

pressure <60, irrespective of current antihypertensive medication use or

hypertension diagnosis. Blood pressure patterns were defined using the

standard hypertension definition. Midlife hypertension was defined as

meeting hypertension criteria for two consecutive visits between

Visits 1 and 4; persons not meeting this criterion were classified as midlife

normotensive. Late-life normotension, hypertension, and hypotension were

defined at Visit 5. Participants with midlife hypertension/late-life

normotension were not included in the standard hypertension definition

analyses because of small sample size (n = 23).

dParticipants were excluded for missing information regarding the following:

smoking status (n = 687), drinking status (n = 321), bodymass index (n = 185),

coronary heart disease (n = 100), total cholesterol (n = 85), total high-density

lipoprotein cholesterol (n = 85), diabetes (n = 56), previous stroke (n = 10),

and education (n = 9). A subset of participants were missing information for

more than 1 covariate; these values are not mutually exclusive.

e Participants missing information (blood pressure or antihypertensive

medication use) necessary to determine visit 5 hypertension status using the

standard hypertension criteria were excluded.
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asweight inkilogramsdividedbyheight inmeterssquared)was

calculated, total cholesterol21andhigh-density lipoproteincho-

lesterol were measured,22 and history of coronary heart dis-

ease, heart failure, andstroke (yes/no)wasadjudicated.Diabe-

tes was defined based on self-report of physician diagnosis,

diabetesmedicationuse, orHbA1c level of 6.5%or greater. The

TaqManassaywasusedtoassessapolipoproteinE(APOE)geno-

type (0 vs ≥1 APOEε4 vs missing [n = 139]; Applied Biosys-

tems, Foster City, California).

Statistical Analysis

Themidlife and late-life normotension group was used as the

referent to which each of the groups was compared on cogni-

tive outcomes (Figure 1). Primary analyses examined the

association of 24-year blood pressure patterns with time to

onset of dementia for all participants who attended visit 5.

This outcome, which is not conditional on visit 6 attendance,

minimizes bias related to attrition and the competing risk of

death after visit 5. A secondary outcome included only par-

ticipants who attended visits 5 and 6. Participants without a

dementia diagnosis were censored at the latest date of the

visit 6 assessment or phone follow-up assessment with

adequate information from the Six-Item Screener and the

Ascertain Dementia 8-Item Informant Questionnaire. Analy-

ses of incident dementia used Cox proportional hazards

regressionmodels. The Schoenfeld residuals test verified that

the proportional hazards assumption was met. The associa-

tion between blood pressure patterns and mild cognitive

impairment was examined using logistic regression. Mild

cognitive impairment analyses were restricted to participants

who were cognitively normal at visit 5 who attended visit 6.

Goodness-of-fit for logistic regression models was assessed

using the Hosmer-Lemeshow test. Model diagnostics con-

firmed adequate model fit. Model assumptions related to col-

linearity and a sufficient number of events per variable were

met. To determine whether rates of cognitive change differed

by 24-year blood pressure pattern, generalized estimating

equations with an exchangeable correlation matrix and

robust variance were used to describe cognitive functioning

at visits 5 and 6. An interaction term between blood pressure

pattern and time was included to determine whether rate of

cognitive change differed according to blood pressure pat-

tern. Multiple imputation by chained equations was used to

estimate visit 6 cognitive scores for participants who did not

attend visit 6 (eMethods in the Supplement).

Analyseswereadjusted for thedemographic factors,physi-

ological variables, vascular risk factors, and medical comor-

biditydescribed in theprevious section.Coxproportionalhaz-

ards regressionmodels for incidentdementia in the full sample

included interactionsof timewithage, age squared,bodymass

index, heart failure, and stroke to account for changes in the

associationofeachvariablewithdementia incidenceover time.

Generalized estimating equationsmodels were also adjusted

for an age × time interaction term. Multiplicative interaction

termswereused to assess potential effectmodificationby age

(median split at visit 5, <74 years vs ≥74 years), APOEε4 sta-

tus (0 vs ≥1), and race (black vs white). A 2-sided P value of

less than .05 was used as the cutoff for statistical signifi-

cance. Because of the potential for type 1 error due to mul-

tiple comparisons, findings from analyses of secondary end

points shouldbe interpretedasexploratory.Analyseswerecon-

ducted using Stata Version 14 (StataCorp).

Sensitivity Analyses

To mitigate potential reverse causation (ie, neurodegenera-

tioncausingachange in late-lifebloodpressure), analyseswere

repeated includingonlyparticipantswhowerecognitivelynor-

mal at visit 5. Additional analyses were performed using al-

ternativemethods todefine late-lifehypotension (>25%blood

pressure decline), andpropensity scorematchingwasused to

determine how blood pressure patterns related to dementia

risk in a subset of participants with overlapping demo-

graphic, physiological, and clinical characteristics. Propen-

sity scores for each 24-year bloodpressure pattern (vsmidlife

and late-life normotension) were calculated using multivari-

able logistic regression.Participants ineach24-yearbloodpres-

sure groupwerematched toa similar participant in themidlife

and late-life normotension (reference) groupbasedon the cal-

culatedpropensity scores using a 1:1 nearest-neighbormatch-

ing procedure. Differences in dementia risk between the ref-

erence blood pressure group and the matched participant

subset from each comparison groupwere examined using in-

dividualCoxproportionalhazard regressionmodels (eMethods

in the Supplement). Analyses were also incorporated to de-

terminewhether theresultsweresimilarwhenmidlifeand late-

life blood pressure were modeled as continuous variables.

A post hoc analysis was conducted to determinewhether the

2 blood pressure groups with midlife hypertension signifi-

cantly differed with regard to dementia risk. Using a Cox re-

gressionmodel, this analysis comparedacombinedmidlifehy-

pertensiongroup (themidlife and late-lifehypertensiongroup

combined with the midlife hypertension and late-life hypo-

tension group) to themidlife and late-life normotension (ref-

erence) groupand incorporatedamidlifehypertension × late-

life blood pressure (hypertension/hypotension) interaction

term to directly assess between-group heterogeneity. Addi-

tionally, aposthocanalysiswas conductedusing inverseprob-

ability weighting to examine the effects of participant attri-

tion before visit 5. This technique, which uses regression

weighting to correct for sampling bias, assigns larger weights

toparticipantswithcharacteristics associatedwithstudydrop-

out. Attrition weights were calculated from predicted prob-

abilities derived using logistic regression (with demographic,

physiological, andclinical covariate information) tomodel the

probability of dropout due to study withdrawal between vis-

its 1 and 5 (these methods are described in detail in the

eMethods section in the Supplement).

Results

Participant characteristics are presented in Table 1; eTable 2

in the Supplement. A total of 4761 participantswere included

in the analytic sample (2821 [59%] women; 979 [21%] black

race; visit 5mean [SD] age, 75 [5] years; visit 1meanage range,

44-66 years; visit 5 mean age range, 66-90 years). Compared
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Table 1. Visit 5 Participant Characteristics Stratified by 24-Year BP Patterns Using the Standard

Hypertension Definition

Characteristic

24-y Longitudinal Blood Pressure Patterns, No. (%)a

Midlife
and Late-Life
Normotension

Midlife
Normotension,
Late-Life
Hypertension

Midlife and
Late-Life
Hypertension

Midlife
Normotension,
Late-Life
Hypotension

Midlife
Hypertension,
Late-Life
Hypotension

No.b 833 1559 1030 927 389

Demographics

Age, mean (SD), y 73.8 (4.4) 74.9 (4.9) 75.2 (4.9) 76.0 (5.2) 77.9 (5.2)

Men 369 (44.3) 639 (41.0) 382 (37.1) 374 (40.4) 168 (43.2)

Women 464 (55.7) 920 (59.0) 648 (62.9) 553 (59.7) 221 (56.8)

Black 93 (11.2) 299 (19.2) 429 (41.7) 68 (7.3) 79 (20.3)

White 740 (88.8) 1260 (80.8) 601 (58.4) 859 (92.7) 310 (79.7)

Center

Minneapolis, Minnesota 315 (37.8) 507 (32.5) 248 (24.1) 358 (38.6) 114 (29.3)

Washington County, Maryland 183 (22.0) 401 (25.7) 215 (20.9) 329 (35.5) 158 (40.6)

Forsyth County, North Carolina 250 (30.0) 371 (23.8) 162 (15.7) 177 (19.1) 41 (10.5)

Jackson, Mississippi 85 (10.2) 280 (18.0) 405 (39.3) 63 (6.8) 76 (19.5)

Education

<High school 59 (7.1) 196 (12.6) 173 (16.8) 89 (9.6) 61 (15.7)

High school/GED/vocational 326 (39.1) 664 (42.7) 438 (42.4) 405 (43.7) 182 (46.8)

College/graduate/professional 448 (53.8) 699 (44.9) 419 (40.6) 433 (46.7) 146 (37.5)

Apolipoprotein E ε4 allelesc

0 (lowest AD risk) 594 (73.3) 1111 (73.4) 700 (70.1) 652 (72.6) 265 (69.9)

1 (moderate AD risk) 204 (25.2) 373 (24.6) 269 (27.0) 228 (25.4) 107 (28.2)

2 (highest AD risk) 12 (1.5) 32 (2.1) 27 (2.7) 18 (2.0) 7 (1.9)

Physiological and laboratory
variables, mean (SD)

Body mass indexd 27.5 (4.7) 28.8 (5.2) 30.8 (6.3) 27.3 (5.6) 29.4 (5.7)

Systolic BP, mm Hge 124.3 (9.5) 137.2 (16.4) 138.1 (18.6) 117.1 (14.3) 121.1 (16.3)

Diastolic BP, mm Hge 68.5 (6.1) 71.8 (8.3) 71.9 (8.6) 53.9 (4.6) 53.8 (4.8)

Total cholesterol, mg/dL 195.3 (41.5) 183.1 (41.8) 179.7 (38.9) 178.2 (40.4) 165.8 (37.4)

HDL-C, mg/dL 54.5 (14.0) 52.5 (14.1) 51.1 (13.3) 53.3 (14.2) 49.0 (12.0)

LDL-C, mg/dL 116.2 (35.0) 105.1 (34.7) 102.6 (32.5) 101.3 (32.7) 91.2 (31.0)

Cardiovascular disease

Diabetes 100 (12.0) 401 (25.7) 396 (38.5) 238 (25.7) 172 (44.2)

Coronary heart disease 37 (4.4) 182 (11.7) 143 (13.9) 166 (17.9) 105 (27.0)

Heart failure 12 (1.4) 52 (3.3) 61 (5.9) 55 (5.9) 34 (8.7)

Medication

Antihypertensive 0 1266 (81.2) 1004 (97.5) 538 (58.0) 373 (95.9)

No. of BP–lowering
medication, No. (%)f

0.25 (0.5) 1.2 (1.1) 2.1 (1.3) 1.1 (1.2) 2.3 (1.4)

0 661 (79.4) 490 (31.4) 94 (9.1) 367 (39.6) 32 (8.2)

1 142 (17.1) 520 (33.4) 277 (26.9) 256 (27.6) 85 (21.9)

2 25 (3.0) 361 (23.2) 336 (32.6) 181 (19.5) 101 (26.0)

≥3 5 (0.6) 188 (12.1) 323 (31.4) 123 (13.3) 171 (44.0)

Cholesterol lowering 322 (38.9) 890 (57.2) 623 (60.8) 532 (57.6) 280 (72.2)

Cigarette smoking statusg

Current 47 (5.6) 93 (6.0) 52 (5.1) 79 (8.5) 19 (4.9)

Former 421 (50.5) 833 (53.4) 507 (49.2) 471 (50.8) 198 (50.9)

Never 365 (43.8) 633 (40.6) 471 (45.7) 377 (40.7) 172 (44.2)

Alcohol consumptionh

Current 497 (59.7) 832 (53.4) 417 (40.5) 486 (52.4) 165 (42.4)

Former 185 (22.2) 422 (27.1) 324 (31.5) 272 (29.3) 144 (37.0)

Never 151 (18.1) 305 (19.6) 289 (28.1) 169 (18.2) 80 (20.6)

Visit 6 attendance status

Attended 616 (74.0) 1096 (70.3) 690 (67.0) 647 (69.8) 216 (55.5)

Alive but did not attend 198 (23.8) 418 (26.8) 287 (27.9) 234 (25.2) 141 (36.3)

Death before visit 6 19 (2.3) 45 (2.9) 53 (5.2) 46 (5.0) 32 (8.2)

Abbreviations: AD, Alzheimer

disease; BP, blood pressure;

GED, general education diploma;

HDL-C, high-density lipoprotein

cholesterol; LDL-C, low-density

lipoprotein cholesterol.

SI conversion factor: to convert

cholesterol level to mmol/L, multiply

by 0.0259.

a Longitudinal BP patterns are

determined by 24-year patterns of

normotension, hypertension, and

hypotensionmeasured at visits 1 to

5, as defined in Figure 1. Participants

with midlife hypertension and

late-life normotension were not

included in the standard

hypertension definition analyses

because of small sample size

(n = 23).

bThe number with missing data are 9

for systolic and diastolic BP, 24 for

LDL-C, and 19 for cholesterol-

lowering medication use.

c A greater number of apolipoprotein

E ε4 alleles is associated with a

higher risk of late-onset Alzheimer

disease. The number with missing

data are 139 for the apolipoprotein E

genotype.

dCalculated as weight in kilograms

divided by height in meters

squared.

e All participants missing systolic

and diastolic BPmet standard

hypertension criteria at visit 5

based on antihypertensive

medication use.

f Includes medication not taken for

hypertension that secondarily

lowers BP.

g Current indicates a participant

report of current cigarette use.

Former indicates any report of

cigarette use at a previous study

visit or of past cigarette use.

hCurrent indicates any alcohol

consumption within the last 6

months. Former indicates any

previous alcohol consumption if

none was consumedwithin the last

6months.
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with participants included in the study, participants who

dropped out before visit 5 (eTable 3 in the Supplement) and

those who were excluded (eTable 4 in the Supplement) were

older and andmore commonly identified as black, hadhigher

bloodpressure, poorer cardiovascular health, andpoorer cog-

nitivehealth.Atvisit 5, 21%(n = 1006)ofparticipantsmetmild

cognitive impairment criteria; all otherswere cognitively nor-

mal. The mean (SD) time between visit 5 and visit 6 was 4.9

(0.6)years.Asubsetof studyparticipants (n = 1534)weremiss-

ing visit 6 cognitive data. The prevalence of each blood pres-

sure pattern is presented in Figure 1B.

Incident Dementia

A total of 516 (11%) participants progressed to dementia after

visit 5 through to the endof visit 6 (December 31, 2017). In the

primary analysis (using the standard hypertension defini-

tion), dementia incidence per 100person-yearswas 1.31 (95%

CI, 1.00-1.72) for themidlife and late-lifenormotensiongroup,

1.99 (95%CI, 1.69-2.32) for themidlifenormotensionand late-

lifehypertensiongroup,2.83 (95%CI,2.40-3.35) for themidlife

and late-life hypertension group, 2.07 (95% CI, 1.68-2.54) for

themidlifenormotensionand late-lifehypotensiongroup, and

4.26 (95%CI, 3.40-5.32) for themidlifehypertensionand late-

life hypotension group.

In the primary analysis of the entire visit 5 sample, pat-

terns defined by midlife and late-life hypertension (adjusted

hazard ratio [HR], 1.49 [95% CI, 1.06-2.08]) and midlife hy-

pertension and late-life hypotension (adjustedHR, 1.62 [95%

CI, 1.11-2.37 ])were significantly associatedwith increased risk

of incident dementia compared with the group that re-

mainednormotensive after adjusting for confounders (Table2

and Figure 2). Results were similar for the midlife hyperten-

sion and late-life hypotension group when a 25% decrease in

either SBP or DBP from latemidlife (visit 4) to late life (visit 5)

wasusedtodefine late-lifehypotension(adjustedHR,1.74[95%

CI, 1.18-2.56; eTable 5, eTable 6, and eTable 7 in the Supple-

ment). These results were further supported in sensitivity

analyses,which incorporated inverseprobabilityweighting to

account for differential attrition before visit 5 (eTable 8 in the

Supplement) and inanalyses thatexamined thecontinuousas-

sociationbetween late-life SBP and subsequent dementia risk

in personswithnormal vs elevatedmidlife SBP (≥120mmHg)

(Figure 3; presented stratified according tomedication status

in eFigure 3, eFigure 4, and eFigure 5 in the Supplement). In

sensitivityanalyses thatusedpropensity scorematching to fur-

thercontrol for confounding (eTable9 in theSupplement),only

the pattern ofmidlife hypertension and late-life hypotension

was associated with dementia risk. When participants with

mild cognitive impairment at visit 5 were excluded from the

analyses, the association of midlife and late-life hyperten-

sion (adjustedHR, 1.15 [95%CI, 0.73-1.82])withdementiawas

attenuated andnot statistically significant. The associationof

midlife hypertension and late-life hypotension with demen-

tia alsowasnot statistically significant butwas essentially un-

changed (adjusted HR, 1.64 [95% CI, 0.98-2.75]; eTable 10 in

the Supplement). The associations were attenuated and sta-

tistically nonsignificant for all 24-year blood pressure pat-

terns in a secondary analysiswhichused themeasuredhyper-

tension definition to define blood pressure patterns (Table 2;

eFigure 6 in the Supplement).

Midlife hypertension andhighermidlife SBPwere associ-

ated with higher dementia risk irrespective of late-life blood

pressure level (Figure3A;eTable 11 andeFigure7 in theSupple-

ment). In a post hoc analysis that examinedwhether demen-

tia risk differed between the 2 midlife hypertension groups

(ie, themidlifeand late-lifehypertensiongroupandthemidlife

hypertensionand late-life hypotensiongroup) comparedwith

themidlife and late-lifenormotension referencegroup, the in-

teraction between midlife hypertension and late-life hyper-

tension or late-life hypotension was not statistically signifi-

cant (P for interaction = .48), suggesting that the midlife and

late-lifehypertensiongroupand themidlifehypertensionand

late-lifehypotensiongroupdidnotdiffer significantlywith re-

gard to dementia risk.

Therewas evidenceof effectmodificationbyage (P for in-

teraction = .02;eTable 12 in theSupplement),wherebyyounger

participantswithmidlife hypertension and late-life hypoten-

sion had higher risk for dementia (adjusted HR, 2.73 [95% CI,

1.20-6.20]), but this association was not statistically signifi-

cantamongolderparticipants (adjustedHR, 1.43 [95%CI,0.93-

2.20]; Figure 2). Effect modification by race was also found

(P for interaction = .02; eTable 13 in theSupplement),whereby

white participantswithmidlife hypertension and late-life hy-

potensionhadagreater riskof incidentdementia (adjustedHR,

1.77 [95%CI, 1.16-2.71]) comparedwithblackparticipantswith

this same blood pressure pattern (adjusted HR, 1.06 [95% CI,

0.45-2.48]). Therewasno statistically significant effectmodi-

fication byAPOEε4 status. Somebut not all associationswere

attenuated and no longer significant when analyses were re-

stricted toparticipantswhoattendedvisit 6 (Table 2; eTable 5,

eTable 6, and eTable 7 in the Supplement).

Mild Cognitive Impairment

Atotalof2584participantswhowerecognitivelynormalatvisit

5 and attended visit 6 were included. Of these, 435 (17%)met

mild cognitive impairment criteria at visit 6. There was a sig-

nificantassociationbetweenapatternofmidlifehypertension/

late-life hypotension andmild cognitive impairment risk (ad-

justed OR, 1.65 [95% CI, 1.01-2.69]; Table 2). However, this

associationwasnot statistically significant in sensitivityanaly-

ses that used alternative definitions to define late-life hypo-

tension (eTable 5, eTable 6, and eTable 7 in the Supplement).

Cognitive Change

Participantswith 1 ormore cognitivedomain scores in thebot-

tom 5th percentile at visit 5 were excluded from this analysis

to avoid floor effects (7%; n = 318). There was no significant

association between 24-year blood pressure pattern and cog-

nitivechangebetweenvisits5and6(Table2;eTable5,eTable6,

eTable 7, and eTable 14 in the Supplement).

Discussion

In this analysis of a community-based cohort, a patternof sus-

tained hypertension frommiddle to late life and a pattern of
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midlife hypertension followed by late-life hypotension were

associated with an increased risk for subsequent dementia,

compared with participants who maintained normal blood

pressure. The association of a pattern of midlife hyperten-

sion and late-life hypotensionwith incident dementia,which

occurred regardless ofwhether a standard threshold or a rela-

tive decline in blood pressure was used to define late-life hy-

potension, was more strongly associated with incident de-

mentia among a younger group of older adults (<74 years of

age) compared with an older group of older adults (for which

there was no significant association), and among white par-

ticipantscomparedwithblackparticipants (forwhichtherewas

no significant association). A pattern ofmidlife hypertension

followedby late-life hypotensionwas also associatedwith in-

cident mild cognitive impairment.

Previous researchexamining theassociationofhighvs low

late-lifebloodpressurewithcognitionhasbeeninconsistent.23-25

Discrepant findings may be accounted for, in part, by a failure

to consider whether4-6 and for how long26 an individual has

beenhypertensivepreviously.Thecurrent resultshighlight the

Figure 2. Kaplan-Meier Curves for Time to Dementia Onset for Standard Hypertension Definition Blood Pressure Groups
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Kaplan-Meier curves for time to dementia onset in the full analytic sample

(N = 4738), and among younger (n = 2053) and older (n = 2685) subgroups

based on 24-year midlife to late-life blood pressure patterns. Younger and older

groups were defined based onmedian split (<74 vs �74 years of age).

Themedian interquartile range (IQR) follow-up times for themidlife and

late-life group were 5.0 (4.4-5.3) for normotension and normotension, 4.9

(4.4-5.3) for normotension and hypertension, 4.9 (4.3-5.3) for hypertension

and hypertension, 4.9 (4.3-5.2) for hypertension and normotension, and 4.9

(4.2-5.2) years for the hypertension and hypotension group. Themedian (IQR)

follow-up time for the groups with participants younger than 74 years of age

were 5.0 (4.5-5.3) for normotension and normotension, 5.0 (4.4-5.3) for

normotension and hypertension, 4.9 (4.4-5.3) for hypertension and

hypertension, 5.0 (4.5-5.4) for hypertension and normotension, and 4.9

(4.3-5.3) years for the hypertension and hypotension group. Themedian (IQR)

follow-up times for the groups with participants aged 74 years or older were 4.9

(4.3-5.2) for normotension and normotension, 4.9 (4.3-5.2) for normotension

and hypertension, 4.8 (4.2-5.2) for hypertension and hypertension, 4.9

(4.2-5.2) for hypertension and normotension, and 4.9 (4.2-5.2) years for the

hypertension and hypotension group. Participants with midlife hypertension

and late-life normotension were not included in the standard hypertension

definition analyses because of small sample size (n = 23).
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importanceofconsideringpasthypertensionchronicity,as late-

lifehypertensionandlate-lifehypotensionwereassociatedwith

increased dementia risk, but only among individuals with hy-

pertension during middle adulthood. Given the population

prevalenceofhypertension, thesizeof theat-risksubgroup,and

the effect size for dementia risk (nearing that of having an

APOEε4alleleordiabetes;eTable15 in theSupplement),20 there

maybe apotentially large subset of the population (30% in the

current study) for whom there is potential for prevention.

The association of midlife and late-life hypertension and

midlife hypertension and late-life hypotensionwith dementia

riskwasno longer statistically significant in analyses that clas-

sified individuals according to measured blood pressure irre-

spectiveof antihypertensionmedicationuse. It is possible that

this analysiswasunderpowered, as far fewerparticipantswere

classifiedashavingmidlife and late-lifehypertension (4%)and

midlife hypertension and late-life hypotension (4%) using the

measured hypertension criteria. Differences may also be ac-

countedforbythehandlingofantihypertensivemedicationuse

because normotension status with vs without antihyperten-

sive treatment likely has different implications in terms of un-

derlying physiology and dementia risk.

The current findings are consistent with previous work

that has demonstrated a relationship between chronic hyper-

tension and reduced cognition in older adults.26,27 Several

studies have also demonstrated that blood pressure tends to

decline in the years immediately preceding the onset of

dementia.28,29However, it remainsunclearwhether thesede-

clines occur as a consequence of neurodegeneration or act as

a risk factor for later cognitivedecline. The current study adds

to the existing literature by demonstrating the following:

(1) late-life declines in blood pressure occurred at high rates

among individuals without dementia who were normoten-

sive andhypertensiveduringmiddle adulthood; and (2) these

bloodpressuredeclines, at least in a subset of individuals, pre-

ceded the onset of mild cognitive impairment and dementia.

The results, therefore, provide temporal support for the hy-

pothesis that a pattern of midlife hypertension and late-life

hypotensionmay represent a risk factor for later cognitive de-

cline and dementia. However, givenwhat is known about the

gradual progression of neurodegenerative disease, the possi-

bility that early neurological changes may be responsible for

late-life declines in blood pressure cannot be ruled out.

The finding that apatternofmidlifehypertensionand late-

life hypotension showed a stronger relationship with inci-

dent dementia in the younger group of older adults supports

studies suggesting that hypertension at a younger age (and

closer tomidlife) is especially deleterious,20 and further sug-

gests that significant blood pressure declines following hy-

pertension may be more pathogenic at a younger age. How-

ever, theeffectmodificationbyageandracemayalsobedriven

by a survival bias (greater attrition amongolder andblackpar-

ticipants [eTable 3 the Supplement]), so the findings related

to effectmodification shouldbe interpretedwith caution.The

majority of participants with late-life declines in blood pres-

sure were using antihypertensive medication as older adults

(Table 1) and also had an increase in the number of prescribed

antihypertensivemedications frommidlife to late life (eTable16

Figure 3. Adjusted Hazard Ratios (95%CI) for the Association ofMidlife

and Late-Life Systolic Blood PressureWith Incident Dementia
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A, The associationofmeanmidlife systolic bloodpressure (SBP) (measured at visits

1-4)withdementiarisk(n=4662).B,Theassociationof late-lifeSBPwithdementiarisk

among individualswith ameanmidlife SBP lower than 120mmHg (n=2583). C, The

associationof late-lifeSBPwithdementia riskamong individualswithameanmidlife

SBPgreater thanorequal to120mmHg(n=2068).Hazardratios (indicatedbyabold

blue line) and95%CIs (lighter-facedblue lines) arederived fromCoxproportional

hazard regressionmodels adjusted for baseline age, sex, race-center, education,

apolipoprotein E ε4 (APOEε4) status, and bodymass index, total cholesterol, high-

density lipoproteincholesterol,cigarettesmokingstatus,alcoholusestatus,prevalent

diabetes, coronaryheartdisease,heart failure, andpreviousstrokedefinedatvisit 5.

Modelsused toexamine late-lifebloodpressurewerealsoadjusted formeanmidlife

SBP.SBPvalueswerecenteredat thesamplemedianandmodeledusinga restricted

cubicsplinewithknotsatthe5th,35th,65th,and95thpercentiles.Histogramsoftime-

averagedSBParedisplayedas solid bars. Participantswith extremebloodpressure

values(inthebottomfirstandtop99thpercentile)wereexcludedfromtheseanalyses.
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in the Supplement), suggesting a potential role for hyperten-

sion overtreatment. Other potential causes of late-life blood

pressure declines, include cardiocirculatory dysfunction,

blunted autonomic signaling, and arterial stiffening.30

While chronic hypertension has been associatedwith ce-

rebral small vesseldisease, reducedwhitematter integrity, and

other factors that are known to have detrimental effects on

cognition,1,31 the dementia risk associatedwith the pattern of

midlifehypertensionand late-lifehypotensionmayalsobeex-

plained by the deleterious effect of chronic hypertension on

the brain’s autoregulatory capacity. Although low cerebral

blood flow is not a universal finding among individuals with

hypertension,32 impaired cerebral autoregulationcan result in

areducedability tomaintainconsistentsteadybloodflowwhen

systemicbloodpressure is too lowor toohigh. Individualswith

impaired cerebral autoregulation are believed to be espe-

cially prone to reductions of cerebral blood flow in the con-

text of low systemic blood pressure.33 Even modest reduc-

tions in cerebral blood flow have been associated with

pathogenic brain changes.34,35

Strengthsofthisstudyincludetheuseofa large,population-

based sample, the identificationof and adjustment for poten-

tially confounding medical comorbidity, and the extensive

dementia surveillance.

Limitations

This study has several limitations. First, the increased pro-

pensity forstudydropoutamongparticipantswithhigherblood

pressure and poorer cognition duringmidlife (eTable 3 in the

Supplement)mayhavebiased the current findings.Given that

high blood pressure is a known risk factor for cardiovascular

events and mortality,36 participants who would have other-

wisemaintained elevated blood pressure throughoutmidlife

and late lifemaybe especially vulnerable to attrition. For par-

ticipants with midlife hypertension, in particular, the selec-

tive attrition of individuals at risk for dementia may have bi-

ased estimates.

Second, analyses to assess the competing risk of mortal-

ity were not performed. Despite the careful survey methods

to ascertain the outcome, there is thepotential that somepar-

ticipants who died without having dementia may have been

censored before dementia was observed. Given the associa-

tion between hypertension andmortality,36 a competing risk

of mortality may have biased the current results. Although a

large proportion of the study sample died before the start of

thebaselinecognitiveexamination (visit 5), the findingsof this

study may be generalizable to individuals who are alive and

without dementia in their 70s and 80s.

Third, the current study was unable to identify dementia

etiology and determine whether associations differ according

to dementia type. This needs further investigation as previous

research has found that specific blood pressure character-

istics exert unique effects on vascular- andAlzheimer-specific

pathology31 and therefore,maydifferentially influence risk for

Alzheimer and cerebrovascular pathologies.

Fourth, given the number of blood pressure pattern

groups, it is possible that the analyses, especially interac-

tions and stratified analyses, were underpowered. Limited

power, and potentially differences in dementia classifica-

tion methods, may account for nonsignificant associations

in analyses including only participants who attended the

final visit (visit 6).

Fifth, theremayhavebeen residual confounding fromun-

measured variables. Sixth, the findings may lack generaliz-

ability to all regions and racial and ethnic groups within the

United States. Seventh, there is not awell-established defini-

tion of clinically important difference for themeasure of cog-

nitive change used in this study.

Conclusions

In this community-based cohort with long-term follow-up, a

pattern of sustained hypertension from midlife to late life

and a pattern of midlife hypertension followed by late-life

hypotension, compared with midlife and late-life normal

blood pressure, were associated with an increased risk for

subsequent dementia.
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