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Abstract

Introduction: We hypothesized that lower untreated systolic blood pressure (SBP)

would be associated with a lower risk of dementia and death up to age 95.

Methods: SBP measured between 2000 and 2006 was evaluated in relationship to

dementia risk and brain biomarkers from 2009-2020 (n = 177) in the Gingko Evalua-

tion of Memory Study (GEMS), mean age 95 in 2020. Participants had measurements

of brain amyloid beta (Aβ) and repeat clinical-cognitive evaluations every 6months.

Results: By 2020, only 9 of 177 patients (5%) were alive and cognitively unimpaired

(CU). Mean SBP from 2000 to 2006 was 120mmHg for nine alive/CU, 125 mmHg for

alive/mild cognitive impairment (MCI), and130mmHg for alive/dementia (P= .03). The

amount of Aβ was directly related to SBP levels. In multivariate analysis, Aβ+ in 2009

and thinner cortex were significant predictors of dementia. Excluding Aβ, SBP became

a significant predictor of dementia.

Discussion: Low SBP untreated by antihypertensive medications was associated with

significant decreased risk of dementia and less Aβ.
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1 INTRODUCTION

Elevated systolic blood pressure (SBP), especially in middle age,

increases the risk of dementia.1 Controversy remains as towhether (1)

elevated BP contributes to the amount of amyloid β (Aβ) deposition in
the brain2,3; (2) higher BP is a risk factor for brain vascular disease that

then leads to Aβ and phosphorylated tau (pTau) deposition and neu-

rodegeneration and dementia4; or (3) brain vascular disease is a deter-

minant of neurodegeneration independent of the amount of Aβ depo-
sition or pTau, that is, vascular dementia and Alzheimer’s disease (AD)

are separate entities.5

Participants on or not on anti-hypertensive medication (AHM) con-

foundmany studies of hypertension, brain vascular disease, and risk of

dementia.6–8 Individuals who have low BP throughout life and individ-
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uals who have lower BP following treatment of their elevated BP may

have already caused brainmicrovascular disease and amyloidosis lead-

ing to dementia.9

Trials of BP-lowering drugs have had a small effect on reducing inci-

dence of dementia.10,11 There is practically no information from these

clinical trials as to whether the treatment reduced the progression of

Aβ, neurodegeneration, or white matter abnormalities.12,13 Most of

these trials did not have dementia as a primary outcome and therefore

had relatively poorly quantified measurements of dementia and brain

biomarkers or too short a follow-up.

We previously reported on the follow-up study of the Ginkgo Eval-

uation of Memory Study (GEMS) in Pittsburgh, PA, that the amount of

cortical Aβ, white matter abnormalities, and neurodegeneration were

predictors of dementia risk.14 Higher pulse-wave velocity (PWV), a
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measure of vascular stiffness, was associated with an increased risk

of dementia and also with an increased prevalence and progression of

cortical Aβ in GEMS. This was replicated in the Atherosclerosis Risk in

Communities studies.15,16 We also reported that lower pulse pressure

was associated with a slower progression of brain Aβ in GEMS.17

2 METHODS

One hundred seventy-seven individuals had cortical Aβmeasuredwith

Pittsburgh compound-B-positron emission tomography (PiB-PET)18 in

2009 and were followed to 2020. Only 9 of the 177 participants (5%)

remained cognitively unimpaired (CU); average agewas 95. This cohort

provided a unique opportunity to test whether lower BP from around

age 80 to practical exhaustion of the cohort in 2020 was associated

with a risk of both dementia and the development of brain cortical

Aβ. The follow-up study was limited to the Pittsburgh Field Center of

GEMS.

GEMShasbeendescribed indetail.19 In2009, in thePittsburghField

Center only, ∼10 months after the GEMS close out, 182 of 575 pos-

sible eligible alive volunteers without dementia underwent magnetic

resonance imaging (MRI) of the brain and PiB-PET imaging, and 177 of

these were followed to 2020 (Figure 1). TheMRI and PET imaging was

repeated every 2 years from 2009 to 2018 (n= 97).

2.1 Cognitive status

The participants were evaluated every 6 months to measure cogni-

tion and to diagnosemild cognitive impairment (MCI) or dementia. The

diagnosis of dementia and MCI was determined by consensus among

a neurologist, psychiatrist, and a neuropsychologist. The diagnosis of

dementia was based on a deficit in test performance in two or more

cognitive domains of sufficient severity to affect activities of daily liv-

ing, with normal intellectual function before the onset of cognitive

abnormalities. If a participant died between visits, then further evalua-

tionwas conductedwith family informants anda reviewofmedical care

to identify cognitive changes within that 6-month window. The adjudi-

cation team was blind to PiB-PET status, cortical thickness, quantita-

tive measures of white matter lesions (WMLs), and laboratory studies.

The Functional Activity Questionnaire was used to evaluate disabil-

ity. Themean (SD) score was 0.50 (0.72) for those alive and CU in 2020

as compared to 1.33 (0.78) for participants with dementia (P = .03).

Only two of nine CU participants had disability scores ≥2. All testing

was done within 1 year from the end of study by 2020, except for one

of the nine CU alive participants.20

2.2 PiB-PET and MRI methods

The technique using PiB-PET and theMRImethods to evaluate cortical

Aβ, hippocampal volume, WMLs, infarcts, and cortical thickness have

been described (see AppendixMethods).14,21,22

HIGHLIGHTS

∙ Few individuals survive to very old age, 95+, cognitively

unimpaired, that is, 5%.

∙ Lower untreated systolic blood pressure (SBP) is associ-

ated with a significantly lower risk of dementia.

∙ Lower SBP is correlated with lower pulse wave velocity

and a lower risk of dementia.

∙ SBP decreases prior to dementia or death, thereby con-

founding studies of BP and outcomes.

∙ Lower SBP may link vascular disease, aging, and amyloid

beta (Aβ) to dementia.

RESEARCH INCONTEXT

1. Systematic review: There have been several recentmeta-

analyses evaluating the relationship of hypertension and

dementia and amyloid beta (Aβ).We and others have pre-

viously published a positive association of low systolic

blood pressure (SBP)with low pulsewave velocity, that is,

vascular stiffness and lower risk of dementia and Aβ.
2. Interpretation: Brain vascular disease, aging and pro-

teinopathy, amyloid beta, and phosphorylated tau (pTau)

are the primary hypotheses for the cause of older age

dementia. A small number of participants survive to age

95+ cognitively unimpaired (5%). Lower untreated SBP

and lower vascular stiffness were associated with both

lower risk of dementia and Aβ to age 95.
3. Future directions: To further test the hypothesis that

untreated lower SBP, that is, < 120 mm Hg, is associated

with less Aβ and dementia requires studies in younger

individuals using genetic models of lower or higher BP

and evaluation of dementia and amyloid in clinical dis-

eases associated with higher BP.

2.3 Arterial stiffness

In 2011, ∼2 years following the initial neuroimaging studies, 91 of the

GEMS Imaging Sub-Study participants without dementia returned to

the clinic formeasures of arterial stiffness as determinedbyPWVusing

a noninvasive automated wave-form analyzer (VP2000, Omron Co.,

Komaki, Japan).23

2.4 Measurement of BP

Seated BP was measured in the study clinic from 2000 to 2006. There

was no standardized BPmeasurement protocol in GEMS. Ninety-three
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F IGURE 1 Description of GEMS Imaging Study Recruitment. This illustration shows themethod of recruitment for the current study of 177
GEMS participants in Pittsburgh

participants were not receiving AHM and 87 were receiving AHM in

2000 to 2002, whereas 57 participants were not receiving AHM and

117 were receiving AHM in 2006, the end of the GEMS trial. Mean

BP in 2006 for participants not taking AHM was 127 (18) mm Hg and

for those not taking AHM was 125±17 mm Hg. The slope of change

in BP for participants not taking AHM in 2006 from 2000 to 2006

was 0.21±2.1 mm Hg per year, median of 0. For participants taking

AHM in 2006, the slope of the SBP trajectory from 2000 to 2006 was

−0.1±2.9mmHg per year, with amedian of−0.93mmHg.

2.5 Statistical analyses

Continuous variables were presented as mean and standard deviation

(SD) and categorical variables asN (%). Log-transformationwas applied

to PWV due to skewed distribution. Between-group differences were

tested with chi-square or Fisher exact (for categorized variables), t

tests, and analysis of variance (ANOVA) (for continuous variables). SBP

was analyzed in continuous form aswell as in categorical form by quar-

tiles. A Cox proportional hazards model that controlled for age, edu-

cation level, presence of the apolipoprotein E (APOE) ε4 allele, PiB sta-

tus, WML, and cortical thickness was used to examine the association

between BP and incident dementia. Time to the event was defined as

time from the 2009 visit date to the dementia date or, for those cen-

sored cases, to the last follow-up visit date. All the analyses were con-

ducted using SAS 9.4.

The results of follow-up cognitive testing and the relationship to the

risk of dementia have been published and not included in this article.17

3 RESULTS

At 2009 at entry to the GEMS Imaging Sub-Study, 140 of 177 (79%)

were classified as CUand 37 (21%) asMCI. Fifty-nine participants alive

at 2020, including 9 (5%) of the total whowere CU, 20 (11%) withMCI,

and 30 (17%) with dementia. By 2020, 27 of 37 (73%) of MCI partic-

ipants in 2009 were deceased as compared to 91 of 140 (65%) CU in

2009. Among the participants with MCI in 2009, none of those who

survived to 2020 reverted to CU and 26 of the 37 (70%) converted to

dementia by 2020 as compared to 64 of the 140 (46%) CU in 2009.
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The mean age at death (n = 118) was 93 years and the age at diag-

nosis of dementia (n = 88) 91 years. The average time from dementia

diagnosis to death (n= 59) was 2.7 years.

Table 1 shows the demographic and neuroimaging characteristics of

the cohort by clinical diagnosis and survival (deceased/alive). At entry

to GEMS in 2000, SBP was 115 mm Hg for the nine who were CU and

131 mm Hg for the 60 who were demented and deceased (P = .05)

(Table 1). Among the 140 CU in 2009, SBP varied from 115 mmHg for

the 9 alive and CU to 133mmHg for deceased and demented by 2020

(P= 0.02). There were no differences in diastolic blood pressure (DBP)

in 2000 or at any visit from 2000-2006. Participants who remained CU

and alive in 2020 (n = 9), with mean age of 76 at entry to the study

in 2000, were better educated (17 years of education) and had higher

Mini-Mental Status Examination scores (Table 1). Eight of the nine CU

and alive were APOE ε3/ε3 and one was ε3/ε4. All reported excellent or
very good health in 2000 (Table 1). They had a significantly lower PiB

standardized uptake value ratio (SUVR). Only one of nine CU and alive

were PiB+ (SUVR≥1.57) as compared to 40 of 60 (65%) demented and

dead, and 18 of 30 (60%) of those alive and demented, P = .004. WML

volume (adjusted for brain volume) was greater for demented partic-

ipants (P = .04). Cortical thickness was greater for CU and alive par-

ticipants (Table 1). There were no significant differences in body mass

index (BMI), white blood cell count, cigarette smoking, history of stroke

or coronary heart disease, or diabetes, andnodifferences by lipid levels

in 2009 (not shown).

Average SBP in 2000-2006 was 120.7 mm Hg for those who were

alive and CU in 2020 as compared to 130.2mmHg for those whowere

demented and alive (P = .03) (Table 2). The average SBP (119.7 mm

Hg) was also lower for participants alive and not taking AHM in 2000

as compared to those alive and demented (132.3 mm Hg) (P = .009).

There was no significant difference by cognitive status in average SBP

for participants taking AHM in 2000: 124 versus 127 mmHg (Table 2).

Therewas also no significant difference in average SBP for participants

deceased by 2020.

3.1 Aβ deposition

PiB-PET status did not vary by SBP measured at any time point

between 2000 and 2006 for the total sample (Table 3). Participants

alive (n = 32) and PiB− (SUVR ≤1.57) had significantly lower BP at

almost every timepoint between2000and2006 thanparticipantswho

were alive and PiB+. For example, in 2000, the SBP for those PiB−was

125 mm Hg (n = 32) and for those PiB+ was 142 mm Hg (n = 27),

P = .0001 (Table 3). There was no association between PiB+ and BP

levels as measured in either 2000 or 2006 among those who were

deceased by 2020 (not shown).

The association of SBP and PiB-PET as a continuous variable was

further evaluated for PiB-PET measured in 2009-2011 and 2013. At

each time point there was a linear relationship between the SBP levels

as measured in 2000 or in 2006 and the amount of cortical Aβ, that is,
PiB-PET SUVR, for those who were alive and not taking AHM in 2020

(not shown).

The relationship of the amount of PiB-PET by SBP levels was then

further quantified within final cognitive diagnosis categories in 2020,

irrespective of survival status by 2020 (CU = 23, MCI = 26, incident

dementia = 46) in the longitudinal analysis and PiB measured in 2009,

2011, and 2013 (n= 95). Only 31% of the participants in the lowest BP

category, that is, < 122 mm Hg, were demented as compared to 76%

(16 of 18) in the highest BP category, that is, > 143 mm Hg. At each

level of SBP, the SUVR for PiBwas higher for participants demented by

2020 as compared to CUorMCI. PiB-PET increasedwithin each cogni-

tive category, CU,MCI, and dementia, over threemeasurements, 2009,

2011, and 2013. Level of SBPwas related to amount of PiB-PETwithin

cognitive categories but not linearly (Table 4).

The association of low SBP, especially not on AHM, and risk of

dementia and the amount of cortical Aβ could be a function of the rela-
tionship of BP with other variables. Participants in the lowest quartile

of SBP < 122 mm Hg had more years of education (P = .06) and faster

gait speed for the 15 foot walk (P = .07) (Table A.1). There was no dif-

ference in the distribution of SBP in relationship to age, BMI, creati-

nine, number of blocks walked, or general health status in 2002. The

amount of cigarette smoking and alcohol consumption was also very

low and not related to BP. The relationship between the 15 foot walk

(gait speed) and level of SBP was significant only for participants not

takingAHM in 2000. Therewas, however, no relationship between gait

speed in 2000 to 2002 and incidence of dementia for the sample from

2009 to 2020 or for those taking or not taking AHM.

In the multivariate Cox proportional hazards models, PiB+ in 2009

(SUVR >1.57) and cortical thickness in the lowest quartile (Table 5)

were the only significant predictors of dementia to 2020. For higher

SBP, the hazard ratio (HR) was 1.51 (0.78-2.92) for the fourth versus

first quartile. BP levels, as noted, were strongly related to the amount

of PiB and the risk of dementia. It was possible that the effect of BP

on the risk of dementia was modulated, in part, by the association with

cortical Aβ and the strong association, as noted, of PiB positivity and

risk of dementia in Coxmodels. The Coxmodels were therefore re-run

excludingPiB in themodel. TheHR for the fourth quartile of SBPversus

the first for predicting dementia was 1.84 (0.96-3.57). Cortical thick-

ness remained a strong predictor of dementia in thismodel but not age,

years of education, prevalence of APOE ε4 or amount of WMLs (Table

6). The analysis was then further restricted to participants who were

alive in 2020. SBP in the fourth quartile was a strong independent pre-

dictor of dementia, with an HR of 4.75 (1.35-16.8) (P = .015). Cortical

thickness remained a significant predictor of dementia.

3.2 Post-first PiB-PET MRI—2009 to 2020

BP was measured in participants as part of the annual visits after the

first PiB-PET MRI from 2009 to 2020. Mean SBP at the last visit in

2009-2020 was 136 (22) mm Hg, with no difference between partic-

ipants who were alive or dead by 2020 or on drugs or treatment for

hypertension. Average SBP for the alive and CU participants (n = 9)

by 2020 was 128 mm Hg, alive and MCI (n = 16) was 136 mm Hg, and

alive anddemented (n=25)was136mmHg; for participantswhowere



2180 KULLER ET AL.

T
A
B
L
E
1

G
E
M
S
b
as
el
in
e
d
at
a
by

d
em

en
ti
a
an
d
su
rv
iv
al
st
at
u
s
at

2
0
2
0
(n
=
1
7
7
)

C
U
an
d
A
liv
e

(n
=
9
)

M
C
Ia
n
d
A
liv
e

(n
=
2
0
)

D
em

en
ti
a
an
d
A
liv
e

(n
=
3
0
)

C
U
an
d
D
ec
ea
se
d

(n
=
2
8
)

M
C
Ia
n
d
D
ec
ea
se
d

(n
=
3
0
)

D
em

en
ti
a
an
d

D
ec
ea
se
d
(n
=
6
0
)

V
ar
ia
b
le
s

m
ea
su
re
d
in

2
0
0
0

M
ea
n
(S
D
)

M
ed

ia
n

M
ea
n
(S
D
)

M
ed

ia
n

M
ea
n
(S
D
)

M
ed

ia
n

M
ea
n
(S
D
)

M
ed

ia
n

M
ea
n
(S
D
)

M
ed

ia
n

M
ea
n
(S
D
)

M
ed

ia
n

P

A
ge
-

ad
ju
st
ed

P-
va
lu
e

A
ge
,y
ea
r

7
6
.0
(2
.1
)

7
5
.0

7
6
.1
(1
.7
)

7
5
.0

7
7
.6
(2
.8
)

7
7
.0

7
7
.3
(2
.8
)

7
6
.5

7
9
.2
(2
.6
)

7
8
.5

7
8
.2
(2
.7
)

7
8
.0

.0
0
0
3

–

Ye
ar
s
o
f

ed
u
ca
ti
o
n

1
7
.4
(2
.9
)

1
8
.0

1
4
.6
(2
.7
)

1
4
.5

1
4
.6
(2
.7
)

1
4
.0

1
4
.5
(2
.5
)

1
4
.0

1
4
.1
(2
.4
)

1
4
.0

1
4
.6
(2
.6
)

1
5
.0

.0
3
8

.0
6
5

3
M
SE

sc
o
re

9
7
.1
(2
.4
)

9
7
.0

9
3
.6
(6
.1
)

9
5
.0

9
5
.2
(3
.2
)

9
6
.0

9
5
.1
(3
.3
)

9
5
.5

9
4
.9
(4
.7
)

9
6
.5

9
3
.2
(5
.7
)

9
5
.0

.1
0
8

.1
1
3

A
PO

E*

2
/2
,2
/3

0
(0
)

5
(2
5
)

1
(4
)

3
(1
2
)

4
(1
4
)

7
(1
3
)

.4
5
3

.6
2
9

3
/3

8
(8
9
)

1
0
(5
0
)

2
1
(7
5
)

2
0
(7
7
)

1
7
(6
1
)

3
5
(6
6
)

2
/4
,3
/4
,4
/4

1
(1
1
)

5
(2
5
)

6
(2
1
)

3
(1
1
)

7
(2
5
)

1
1
(2
1
)

SB
P
(m

m
H
g)

1
1
5
.0
(9
.3
)

1
1
8
.0

1
2
9
.5
(1
6
.1
)

1
2
6
.0

1
3
7
.2
(2
1
.7
)

1
3
4
.0

1
2
9
.9
(1
7
.0
)

1
2
7
.5

1
3
5
.1
(1
7
.2
)

1
3
5
.0

1
3
1
.2
(2
0
.0
)

1
3
1
.0

.0
4
7

.0
5
3

D
B
P
(m

m
H
g)

6
6
.8
(9
.0
)

6
3
.0

7
4
.2
(7
.1
)

7
5
.5

7
3
.7
(8
.6
)

7
3
.0

7
0
.3
(7
.9
)

6
9
.5

7
0
.0
(9
.8
)

6
9
.0

7
0
.8
(1
0
.1
)

7
1
.0

.2
0
7

.2
4
8

G
en

d
er

*

M
al
e

8
(8
9
)

1
4
(7
0
)

1
5
(5
0
)

1
4
(5
0
)

1
4
(4
7
)

3
9
(6
5
)

.1
0
8

Fe
m
al
e

1
(1
1
)

6
(3
0
)

1
5
(5
0
)

1
4
(5
0
)

1
6
(5
3
)

2
1
(3
5
)

.6
4

V
ar
ia
b
le
s
m
ea
su
re
d
in
2
0
0
9

W
M
Ls

(i
3
)

1
5
4
0
.0

1
0
5
5
.0

1
6
0
4
.9

1
3
8
3
.0

2
2
5
0
.0

1
9
0
9
.0

1
7
7
6
.7

1
4
1
4
.0

2
0
3
1
.2

2
1
0
3
.5

2
7
3
3
.0

2
1
2
4
.0

.0
1
4

.0
4
3

P
iB

va
lu
e
(6

re
gi
o
n
s)

1
.4
(0
.2
)

1
.5

1
.6
(0
.4
)

1
.5

1
.8
(0
.5
)

1
.8

1
.6
(0
.4
)

1
.5

1
.8
(0
.5
)

1
.6

1
.9
(0
.5
)

2
.0

.0
0
3

.0
0
6

C
o
rt
ic
al

th
ic
kn

es
s

3
.2
(0
.3
)

3
.2

3
.1
(0
.4
)

3
.2

3
.0
(0
.4
)

3
.1

3
.2
(0
.3
)

3
.2

3
.2
(0
.4
)

3
.2

3
.0
(0
.4
)

3
.0

.0
4
8

.0
5
1

P
iB

st
at
u
s*

+
8
(8
9
)

1
2
(6
0
)

1
2
(4
0
)

1
7
(6
1
)

1
0
(3
3
)

2
0
(3
3
)

−
1
(1
1
)

8
(4
0
)

1
8
(6
0
)

1
1
(3
9
)

2
0
(6
7
)

4
0
(6
7
)

.0
0
5

A
b
b
re
vi
at
io
n
s:
3
M
SE

,M
o
d
if
ie
d
M
in
i-
M
en

ta
l
St
at
e
E
xa
m
;
A
PO

E,
ap
o
lip

o
p
ro
te
in
;
C
U
,c
o
gn

it
iv
el
y
u
n
im

p
ai
re
d
;
D
B
P,
d
ia
st
o
lic

b
lo
o
d
p
re
ss
u
re
;
M
C
I,
m
ild

co
gn

it
iv
e
im

p
ai
rm

en
t;
P
iB
,P

it
ts
b
u
rg
h
co
m
p
o
u
n
d
-B
;
SB

P,

sy
st
o
lic

b
lo
o
d
p
re
ss
u
re
;S
D
,s
ta
n
d
ar
d
d
ev
ia
ti
o
n
;W

M
Ls
,w

h
it
e
m
at
te
r
le
si
o
n
s.

*N
(%

).



KULLER ET AL. 2181

TABLE 2 Averaged BP from 2000 to 2006 by diagnosis in 2020 among those alive at 2020

All Participants (n= 59)

CU MCI (M) Dementia (D) P

Average 2000-2006 n Mean SD n Mean SD n Mean SD CU vsM CU vs D MvsD

SBP (mmHg) 9 120.70 8.02 20 125.33 13.54 30 130.19 12.44 .361 .031 .176

DBP (mmHg) 9 64.49 7.14 20 70.23 5.97 30 67.48 5.91 .036 .085 .277

Participants Not on AHMat 2000 (n= 37)

CU MCI (M) Dementia (D) p-value

Average 2000-2006 n Mean SD n Mean SD n Mean SD CU vsM CU vs D MvsD

SBP (mmHg) 7 119.73 8.99 13 122.35 9.73 17 132.33 12.19 .338 .009 .007

DBP (mmHg) 7 65.49 7.89 13 69.31 4.71 17 67.67 6.65 .083 .229 .937

Participants on AHMat 2000 (n= 22)

CU MCI (M) Dementia (D) P

Average 2000-2006 n Mean SD n Mean SD n Mean SD CU vsM CU vs D MvsD

SBP (mmHg) 2 124.13 0.08 7 130.85 18.34 13 127.38 12.69 .145 .746 .478

DBP (mmHg) 2 60.96 1.36 7 71.93 7.96 13 67.23 5.04 .013 .200 .137

Abbreviations: AHM, antihypertensivemedications; CU, cognitively unimpaired; DBP, diastolic blood pressure;MCI, mild cognitive impairment; SBP, systolic

blood pressure; SD, standard deviation.

TABLE 3 SBP by PiB status in 2009 by year of BPmeasurement

PiB Status at 2009 –All Participants PiB Status at 2009 –Alive Participants in 2020

Negative

(n= 79)

Positive*

(n= 98) Age-adjusted

Negative

(n= 32)

Positive*

(n= 27) Age-adjusted

Year Mean (SD) Mean (SD) P-value Mean (SD) Mean (SD) P-value

2000 130.4 (17.0) 134.7 (15.8) .105 124.9 (15.5) 141.7 (15.8) .0001

2001 127.3 (14.9) 130.4 (13.5) .138 122.5 (12.6) 133.2 (13.0) .002

2002 126.2 (15.9) 128.9 (13.6) .238 122.3 (13.8) 129.4 (13.3) .051

2003 126.9 (16.6) 129.8 (16.1) .294 122.5 (13.5) 129.3 (13.8) .068

2004 123.8 (15.4) 128.1 (16.4) .063 121.4 (14.1) 128.6 (11.4) .041

2005 126.0 (17.1) 130.0 (14.8) .102 122.1 (15.4) 132.7 (16.1) .014

2006 124.0 (18.2) 128.7 (18.3) .096 119.7 (14.4) 135.3 (20.1) .001

Abbreviations: PiB, Pittsburgh compound-B; SBP, systolic blood pressure; SD, standard deviation; SUVR, standard uptake value ratio.

*SUVR≥1.57.

classified as CU prior to death at last visit between 2009 and 2020

(n=24), 134mmHg,MCI (n=25) 136mmHg, and dead and demented

(n= 47) 138mmHg.

At the last visit between 2009 and 2020, 58 (37%) of 154 reported a

history of cardiovascular disease (CVD) defined as heart attack, angina,

stroke, angioplasty, or coronary bypass surgery. Only 1 of 9 (11%)

alive and CU reported CVD as compared to 8 of 28 (29%) alive and

demented and 22 of 50 (44%) deceased and demented and 5 of 22

(23%) deceased and CU prior to death had CVD.

4 DISCUSSION

Brain vascular disease, brain aging, and amyloidosis, that is, Aβ and

pTau, are the major hypothesized determinants of dementia in older

individuals. To develop dementia at older ages, one has to both live to

older age and develop incident dementia. Increased vascular stiffness,

higher PWV resulting in higher SBP, is strongly related to biological

aging and to brain vascular disease; previous reports from GEMS and

other studies have shown it to be related to brainAβ and itmay provide

the link between the three hypotheses above.

This is oneof the few longitudinal studies thathasevaluated lowSBP

in untreated older individuals and brain biomarkers.7 Many studies are

either cross-sectional, relating BP to the amount of Aβ or to dementia,

or are longitudinal in which the extent of Aβ was determined at post-

mortem examination but the relationship between the time of the BP

elevations and the development of Aβ are not available.2,24–28

Few participants in this study remained alive and CU (9 of 177, 5%)

at approximately age 95 by 2020. The unique characteristic of those

whowerealive andnotdementedat2020was lowSBP in2000 to2002
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TABLE 4 PiB SUVR by quartile of SBP in 2000 and last diagnosis in 2020 (n= 95) (Longitudinal cohort*)

Q1: SBP≤122 Q2: SBP 123-132 Q3: SBP 133-143 Q4: SBP> 143

Age-

adjusted

P-value†

Age-

adjusted

P-value for
trends† Total

Last diagnosis

in 2020

PiB

SUVR n Mean (SD) n Mean (SD) n Mean (SD) n Mean (SD)

CU 2009 12 1.47 (0.14) 4 1.37 (0.13) 5 1.81 (0.39) 2 1.31 (0.03) .034 .813 23

2011 12 1.68 (0.16) 4 1.47 (0.10) 5 2.04 (0.50) 3 1.47 (0.22) .024 .928

2013 10 1.72 (0.21) 3 1.57 (0.10) 3 2.11 (0.59) 2 1.47 (0.03) .175 .627

MCI 2009 8 1.64 (0.50) 9 1.88 (0.36) 6 1.60 (0.40) 3 1.56 (0.32) .430 .631 26

2011 7 1.62 (0.21) 9 2.23 (0.42) 7 2.00 (0.54) 3 1.76 (0.40) .054 .796

2013 6 1.77 (0.39) 7 2.23 (0.41) 5 1.73 (0.34) 1 1.39 (–) .042 .299

Dementia 2009 9 1.74 (0.52) 12 1.80 (0.40) 9 2.25 (0.59) 16 1.95 (0.48) .165 .173 46

2011 9 2.07 (0.65) 12 2.10 (0.50) 8 2.42 (0.66) 16 2.21 (0.48) .628 .447

2013 9 2.08 (0.58) 10 2.23 (0.57) 7 2.42 (0.69) 13 2.38 (0.53) .685 .268

Total n (%)-

Dementia

29 (31) 25 (48) 20 (45) 21 (76) 95 (100)

Abbreviations: .;CU, cognitively unimpaired;MCI,mild cognitive impairment; PiB SUVR, Pittsburgh compound-B standard uptake value ratio;Q, quartile; SBP,

systolic blood pressure; SD, standard deviation.

*More than 1 PiB-PETmeasurement between 2009 and 2020.

†P-value comparison across categories (CU,MCI, dementia) by year.

at entry to the trial or averaged between 2000 and 2006. Participants

with lower SBP, especially those not taking AHM, had a lower risk of

dementia by 2020, lower cortical Aβ (PiB-PET), and lower amount of

WMLs. Individuals with low untreated SBP to older ages may either

have a lower genetic susceptibility to elevated BP or lifetime lower

exposure to elevated BP risk factors, such as salt intake, obesity, and

so on.

We previously reported that lower PWV in GEMS, that is, less vas-

cular stiffness, was associated with lower risk of dementia, a lower

amount of cortical Aβ and progression of Aβ over time.15,23 PWV as

measured in 2011 was higher for participants who were demented by

2018 (Table A.2), and lower SBP was strongly related to lower PWV in

GEMS (TableA.3). The follow-upwas to2018 rather than2020wasdue

to very small sample size of measures of PWV and follow-up to 2020.

Low SBP from earlier in life and lower PWV as well as a smaller

increase in both vascular stiffness and SBP with increasing age may be

key determinants of successful aging free of dementia. Unfortunately,

probably <20% of the population has consistently very low SBP, that

is, <115-120 mm Hg and not taking AHM. Therefore, an increasing

risk of AD may be caused by elevated SBP and greater vascular stiff-

ness in younger adults, leading to brain arteriosclerosis and small ves-

sel disease, injury to the neurovascular unit, and consequently, changes

in blood-brain barrier function including reduced clearance of Aβ, that
is, decreased Aβ 1-42 (Aβ1-42) levels in blood and cerebrospinal fluid,
which in turn leads to increased pTau deposition, especially among

genetically susceptible individuals (ie, APOE ε4 and so on) and sec-

ondary neurodegeneration.29–33

Studies have reported that higher SBP in older individuals is associ-

ated with a lower risk of cognitive decline and dementia or no risk of

dementia.34 There are several reasons that elevated BPmay be associ-

ated with a lower risk of dementia in older individuals. First, SBP tends

to decline in the years before the onset of dementia or death so that

a higher SBP in the very elderly could be a marker of good health—

reverse causality,35 that is, better cardiac function, and so on. The asso-

ciation between SBP and risk of dementia was limited to participants

not taking AHM and alive in either 2018 or 2020. This could be due to

the effects of changes inBPover timebetween2000 and2006, prior to

the imaging studies. In this study (Table A.4), therewas a decline in SBP

between 2002 and 2006 for participants not taking AHMwho became

demented or died.

Second, elevated BP and arterial hemodynamics over time affects

small arterioles in the brain. There is a substantial drop in SBP levels

across the arterioles to the capillaries in the brain. Lowering SBP may

have adverse effects by decreasing cerebral blood flow and the avail-

able supply of nutrients, oxygen, and glucose, leading to an increased

risk of dementia.

In theCardiovascularHealth Study-CognitionStudy (CHS-CS),36 we

noted that among the 19CU survivors of 532 participants over the age

of 90, a total of 3 (15.8%) had SBP >140 mm Hg in 1997 to 1999 at

entry to the study as compared to 29 of 113 (26.6%) demented and

alive (P = .19). Further evaluation of these 90+- year-old participants

through 2011 showed that 12 of 18 (67%) of those alive and CU had a

SBP < 120 mm Hg as compared to 14 of 65 (29%) alive and demented

(P= .04). In addition, we previously reported in the CHS-CS that higher

PWVwas a significant predictor of incident dementia.37

A positive association of higher BP levels and lower cognitive test

scores in younger individuals has been reported.38 Aβ deposition in the
brain leading to Alzheimer’s pathology and dementia is present many

years before clinical dementia diagnosis.39 Subtle changes in cognition

are reported years prior to clinical diagnosis of MCI and dementia.40
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TABLE 5 Cox Proportional HazardsModels For Prediction of Dementia in 2009-2020

Including PiB SUVR Excluding PiB SUVR

All Participants in 2020

(n= 163, 80 dementia)

Alive in 2020 (n= 56, 27

dementia)

All Participants in 2020

(n= 163, 80 dementia)

Alive in 2020 (n= 56, 27

dementia)

HR (95%CI) P HR (95%CI) P HR (95%CI) P HR (95%CI) P

Age, years 1.08 (0.99-1.17) .079 1.18 (0.99-1.41) .062 1.07 (0.99-1.17) .090 1.18 (0.99-1.41) .069

Years of education 0.97 (0.88-1.06) .448 0.89 (0.74-1.06) .184 0.97 (0.89-1.07) .554 0.90 (0.76-1.08) .245

APOE ε4 0.93 (0.52-1.66) .804 0.74 (0.24-2.27) .602 1.21 (0.70-2.12)* .495 1.38 (0.52-3.70)† .520

SBP in 2000, mmHg

123-132

133-143

>143

1.01 (0.51-1.97)

1.08 (0.55-2.10)

1.51 (0.78-2.92)

.988

.823

.226

0.62 (0.15-2.64)

1.24 (0.31-4.90)

1.69 (0.37-7.70)

.518

.764

.497

1.13 (0.58-2.20)

1.36 (0.71-2.61)

1.84 (0.96-3.53)

.716

.358

.065

0.97 (0.24-3.94)

2.60 (0.75-8.97)

4.75 (1.35-16.78)

.961

.131

.015

PiB+ in 2009 (≥1.57

SUVR)

2.40 (1.44-3.98) .001 4.63 (1.51-14.17) .007

WML+‡ 1.43 (0.83-2.45) .194 1.94 (0.65-5.83) .237 1.36 (0.79-2.33)¶ .269 1.51 (0.50-4.49) .464

Cortical

thickness<2.78mm

(first quartile)

2.74 (1.65-4.55) .0001 4.42 (1.54-12.69) .006 2.30 (1.39-3.82)# .0012 2.80 (0.99-7.95) .053

Abbreviations: APOE ε4, apolipoprotein E ε4 variant; CI, confidence interval; CU, cognitively unimpaired; MCI, mild cognitive impairment; PiB, Pittsburgh

compound-B; SBP, systolic blood pressure; SUVR, standard uptake value ratio;WML, whitematter lesion.

*n= 33 (20.2%).
†n= 12 (21.4%).
‡WML+was defined as volumes>75th percentile of those iCU participants.
¶n= 41 (25.2%).
#n= 37 (22.7%).

Elevated SBPat younger agesmaybemost important during the earlier

phases of cognitive decline and development of brain biomarkers and

brain small vessel artery disease.41

Treatment of elevated BP in older individuals may reduce demen-

tia incidence in older individuals by decreasing the risk of stroke

or brain microvascular disease but have little effect on Alzheimer’s

pathology.10,42

Aggregated Aβ and pTau, brain proteinopathies, are hallmarks of

AD and dementia. Whether vascular stiffness and elevated SBP from

early ages are major risk factors for these proteinopathies needs fur-

ther investigation in prospective, longitudinal studies and clinical trials.

The lower BP levels as noted may also be a marker of successful

aging related to unique lifestyles.43 For example, higher levels of phys-

ical activity are associated with less stiffness and lower SBP.44 Popu-

lations in which BP is low throughout the lifetime secondary to spe-

cific genetic attributes may have a lower prevalence of dementia at

older ages and less Alzheimer’s pathology.45,46 Whether genetic risk

scores for elevatedBPareassociatedwithearlier-agebrainbiomarkers

of Alzheimer’s pathology has also not been determined.47–50 Specific

diseases related to higher BP, such as hyperaldosteronism,51 could be

evaluated todetermine their associationwith earlyAlzheimer’s pathol-

ogy as well as the risk of dementia at younger ages.

It would be important to determine whether “epigenetic aging” is

associated with lower SBP and less vascular stiffness at younger ages

and include earlymarkers of cortical brain Aβ and pTau. Similarly, there

are genetic polymorphisms related to aging or biological markers of

aging52 that may be related to both low SBP and Aβ and pTau pro-

teinopathies. A genetic risk score for AD could be evaluated in relation

to BP levels and vascular stiffness at younger ages.53

Studies in younger individuals are necessary to evaluate the early

stages of Aβ and tau proteinopathies, genetic susceptibility, BP, prema-

ture aging, and AD biomarkers. An alternative hypothesis is that lower

SBP in this study is ameasure of aging and successful longevity, but not

to incident AD or AD pathology. Clinical trials to evaluate maintaining

lowSBP fromyoung ages or preventing an increase in vascular stiffness

with age and their relationship to brain biomarkersmay also be of great

interest and are feasible now.

Studies of very old individuals, including the present study, have

small sample sizes as the likelihood of reaching older ages free of

dementia and frailty is small. We did not have standardized BP mea-

surements but were able to average six BP measurements over a 6 to

8-year period.
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APPENDIX

Positron Emission Tomography (PET) Imaging

Pittsburgh compound-B-PET (PiB-PET) data acquisition has been

described in great detail and involved 20 minute acquisition (4 × 5

minute frames) beginning 50 minutes after injection of 15±1.5 mCi

of PiB on a Siemens/CTI ECAT HR+ scanner in three-dimensional

imaging mode equipped with a NeuroInsert.1 The data were recon-

structed using filtered back projection. The final reconstructed PET

image resolution was ∼6 mm (transverse and axial). An iterative mild

outlier cutoffmethoddefinedparticipants asAβpositive if the atrophy-
corrected composite standardized uptake value ratio (SUVR) of six

regions was >1.57, and later modified to 1.67 SUVR at subsequent

follow-up examinations for longitudinal analysis. A continuous variable

was themean PiB SUVR value in six regions of interest (ROIs): anterior

cingulate gyrus; anterior ventral striatum; frontal cortex; lateral tem-

poral cortex; parietal cortex; precuneus cortex, bilaterally.1

Magnetic Resonance Imaging (MRI) Scans

MRI scans were performed on a GE Signa scanner with a standard

head coil, including fluid-attenuated inversion recovery and spoiled

echo gradient images. Brain Apptissue volumes ( (gray matter, white

matter, and cerebrospinal fluid [CSF]) were calculated by segment-

ing the skull-stripped T1-weighted image in native anatomical space

using the FMRIB’s Automated Segmentation Tool (FAST, FSL 4.1.4).1–3

Total intracranial volume (ICV) was computed as the volume con-

tained within the “inner skull” using the Brain Extraction Tool with an

advanced option (-A). A fuzzy-connectedness algorithm was used to

segment the white matter lesions (WMLs) from each individual’s T2-

weighted, fluid-attenuated inversion recovery images. The volume of

WMLs is presented as the proportion of the ICV, and volumes >75th

percentile of those in normal participants were considered abnormal

orWML+. These classifications were done before the data analysis.
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TABLE A.1 Variables Measured in 2000 by Quarti les of

SBP in 2000

Q1: SBP≤122 Q2: SBP 123-132 Q3: SBP 133-143 Q4: SBP>143

n Mean (SD) Median n Mean (SD) Median n Mean (SD) Median n Mean (SD) Median P

Age-

adjusted

P-value

Age 48 78.0 (3.0) 77.0 42 77.0 (2.4) 76.0 46 77.8 (2.8) 77.0 41 78.3 (2.6) 78.0 .162 –

Years of

education

48 15.4 (2.7) 16.0 42 14.9 (2.9) 14.5 46 14.3 (2.6) 14.0 41 13.9 (2.1) 14.0 .047 .056

Bodymass index 48 26.6 (3.5) 26.5 42 26.9 (4.1) 26.6 46 27.0 (3.8) 27.1 41 26.9 (4.3) 26.3 .962 .947

Creatinine 48 1.0 (0.2) 1.0 42 1.0 (0.2) 1.0 46 1.0 (0.2) 0.9 41 0.9 (0.2) 0.9 .400 .396

15-foot corridor

walk, seconds

46 4.9 (1.3) 4.5 39 5.2 (1.2) 5.0 46 4.9 (0.9) 4.9 40 5.6 (1.8) 5.2 .072 .072

N % N % N % N %

General health

Good/fair 16 33.3 21 50.0 22 47.8 18 43.9

Excellent/very

good

32 66.7 21 50.0 24 52.2 23 56.1 .377 .340

Number of blocks walked/week

≤58 31 66.0 31 73.8 31 67.4 32 80.0

>58 16 34.0 11 26.2 15 32.6 8 20.0 .455 .451

Abbreviations: Q, quartile; SD, standard deviation; SBP, systolic blood pressure

TABLE A.2 Dementia and Survival Status in 2018 or

Last Contact by PWV Measured in 2011

CU andAlive

(n= 13)

MCI and Alive

(n= 13)

Dementia and Alive

(n= 13)

CU andDeceased

(n= 11)

MCI Deceased

(n= 15)

Dementia Deceased

(n= 20)

Mean (SD) Median Mean (SD) Median Mean (SD) Median Mean (SD) Median Mean (SD) Median Mean (SD) Median

Age-

adjusted

P-value*

cfPWV

(cm/s)

1461.4

(343.1)

1472.5 1236.6

(284.6)

1197.0 1792.6

(379.7)

1897.5 1495.6

(603.7)

1348.0 1810.4

(993.7)

1412.5 1608.7

(367.9)

1677.5 .030

hfPWV

(cm/s)

1338.04

(186.4)

1333.0 1278.9

(209.5)

1239.5 1621.1

(348.5)

1493.5 1222.5

(252.1)

1153.5 1391.3

(352.8)

1372.0 1444.4

(177.7)

1444.3 .005

baPWV

(cm/s)

1755.7

(316.8)

1785.8 1678.8

(215.2)

1713.8 2081.5

(388.5)

2030.5 1768.6

(222.5)

1781.8 1847.3

(295.0)

1722.1 1884.7

(200.6)

1918.5 .010

faPWV

(cm/s)

1016.8

(138.7)

992.5 1035.3

(128.0)

1046.3 1101.7

(171.8)

1080.8 1035.5

(39.6)

1030.3 1097.2

(141.7)

1092.0 1160.5

(272.8)

1085.0 .196

Abbreviations: cfPWV , carotid-femoral pulse-wave velocity; CU, cognitively unimpaired; hfPWV, heart-femoral pulse-wave velocity; brachial-ankle pulse-

wave velocity; faPWV , femoral-ankle pulse-wave velocity; MCI, mild cognitive impairment; PWV, pulse-wave velocity

*All P-values were based on log-transformed values.
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TABLE A.3 Relation Between SBP in 2007 and baPWV

in 2009

SBP in 2007

Subjects baPWV n Mean (SD) Median P
Age-adjusted

P-value

All 1Q 21 117.57 (13.90) 114.0

2Q 18 120.06 (13.62) 122.5

3Q 24 125.17 (12.32) 121.0

4Q 22 128.82 (14.57) 131.0 .038 .046

Not on AHM in 2000 1Q 8 107.50 (6.26) 108.5

2Q 12 125.00 (12.74) 126.0

3Q 15 125.33 (13.09) 120.0

4Q 14 129.21 (15.71) 134.0 .004 .004

OnAHM in2000 1Q 12 123.83 (14.39) 118.0

2Q 6 110.17 (9.89) 110.0

3Q 9 124.89 (11.69) 122.0

4Q 8 128.13 (13.31) 130.0 .077 .083

Not on AHM in 2000-2007 1Q 6 105.33 (5.68) 106.5

2Q 4 123.75 (17.52) 128.0

3Q 8 124.88 (12.65) 124.0

4Q 8 133.63 (11.98) 136.5 .003 .002

OnAHM in 2000-2007 1Q 15 122.47 (13.21) 118.0

2Q 14 119.00 (12.90) 119.0

3Q 16 125.31 (12.57) 121.0

4Q 14 126.07 (15.60) 127.0 .500 .512

Abbreviations: AHM, antihypertensivemedication; baPWV, brachial-ankle pulse-wave velocity; Q, quartile; SBP, systolic blood pressure.

note: baPWV (cm/s) quartiles are 1Q:≤1607.88, 2Q: 1607.89-817.00, 3Q: 1817.01-1997.88, 4Q:>1997.88

TABLE A.4 Change in SBP from 2000 to 2006 by

Dementia and Survival Status int 2018 (n = 177)

All Participants Participants Not on AHM in 2000 Participants on AHM in 2000

Change in SBP from 2000 to 2006 Change in SBP from 2000 to 2006 Change in SBP from 2000 to 2006

Status in 2018 n Mean SD median n Mean SD median N Mean SD median

Alive and CU 21 1.76 16.94 1.50 13 3.62 19.23 3.00 8 -1.25 12.99 -2.00

Alive andMCI 24 -5.86 17.61 -3.00 15 -8.90 16.69 -3.50 9 -0.81 18.92 -0.50

Alive andDementia 31 -9.68 16.89 -8.50 16 -4.72 14.02 -2.25 15 -14.97 18.52 -13.50

Deceased and CU 22 -5.84 21.91 -4.25 13 -7.73 16.20 -7.50 8 -1.06 30.52 7.75

Deceased andMCI 29 -6.03 16.22 -3.50 14 -7.18 16.25 -8.25 15 -4.97 16.69 -1.50

Deceased and

Dementia

49 -7.96 20.06 -10.00 21 -10.95 14.02 -10.00 28 -5.71 23.61 -11.00

Abbreviations: AHM, antihypertensivemedication; CU, cognitively unimpaired;MCI, mild cognitive impairment; SBP, systolic blood pressure.
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