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Abstract

IMPORTANCE Vascular risk factors are associated with increased risk of Alzheimer disease (AD), but
it is unclear whether there is a direct association of these risk factors with AD pathogenesis.

OBJECTIVES To assess the associations of vascular risk factors with AD pathogenesis in
asymptomatic individuals, and to test whether this association is moderated among individuals who
use vascular medications.

DESIGN, SETTING, AND PARTICIPANTS This cross-sectional study used data from the
Presymptomatic Evaluation of Experimental or Novel Treatments for Alzheimer Disease
(PREVENT-AD) cohort of cognitively unimpaired individuals aged 55 to 82 years with a parental or
multiple-sibling history of sporadic AD, who were recruited via advertisement from the greater
Montreal, Quebec, Canada, metropolitan area. Participants were enrolled between September 9,
2011, to May, 3, 2017, and stratified by use vs no use of vascular medications. Data were analyzed July
1, 2018, to April 5, 2019.

MAIN OUTCOMES AND MEASURES Principal analyses investigated associations of total, high-
density lipoprotein, and low-density lipoprotein cholesterol levels, systolic and diastolic blood
pressure, pulse pressure, and a combined vascular risk score (measured using the Framingham
Coronary Risk Profile) with global β-amyloid peptide (Aβ) and entorhinal tau burden as measured by
positron emission tomography (PET). Potential moderating associations of use of vascular
medications with these associations were examined. Secondary similar analyses considered
cerebrospinal fluid (CSF) Aβ1-42 and phosphorylated tau levels.

RESULTS Among 215 participants (mean [SD] age, 62.3 [5.0] years; 161 [74.8%] women), 120
participants underwent PET, including 75 participants (62.5%) who were not using vascular
medications, and 162 participants underwent CSF assessment, including 113 participants (69.8%)
who were not using vascular medications. There was an overlap of 67 participants who underwent
PET and CSF assessment. Interaction analyses showed that among participants not using vascular
medications, higher Aβ deposition as measured by PET was associated with higher total cholesterol
level (β = −0.002 [SE, 0.001]; P = .02), low-density lipoprotein cholesterol level (β = −0.002 [SE,
0.001]; P = .006), systolic blood pressure (β = −0.006 [SE, 0.002]; P = .02), pulse pressure
(β = −0.007 [SE, 0.002]; P = .004), and Framingham Coronary Risk Profile score (β = −0.038 [SE,
0.011]; P = .001), but such associations were absent in participants who used vascular medications.
Interactions were also found between vascular medication use and high-density lipoprotein
cholesterol (β = −3.302 [SE, 1.540]; P = .03), low-density lipoprotein cholesterol (β = 1.546 [SE,
0.754]; P = .04), and Framingham Coronary Risk Profile score (β = 23.102 [SE, 10.993]; P = .04) on
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Abstract (continued)

Aβ1-42 burden as measured in CSF. Higher Framingham Coronary Risk Profile scores were associated
with reduced tau burden among participants using vascular medications but not among participants
not using vascular medications (interaction, β = −0.010 [SE, 0.005]; P = .046).

CONCLUSIONS AND RELEVANCE These findings corroborate previously reported associations of
vascular risk factors with Aβ burden but not tau burden. However, these associations were found
only among individuals who were not using vascular medications. These results suggest that
medication use or other control of vascular risk factors should be considered in Alzheimer disease
prevention trials.

JAMA Network Open. 2020;3(2):e1920780. doi:10.1001/jamanetworkopen.2019.20780

Introduction

The neuropathological hallmarks of Alzheimer disease (AD) include cerebral β-amyloid peptide (Aβ)
plaques and hyperphosphorylated tau neurofibrillary tangles. Vascular risk factors, such as
dyslipidemia and hypertension, are thought to modify AD risk by promoting both cardiovascular
disease and Aβ accumulation.1 While this dual vascular pathway hypothesis is attractive, results have
been mixed. Cholesterol levels and blood pressure (BP) outside of reference ranges, as well as
combined vascular risk scores, have been associated with increased Aβ burden in some studies,2-7

but other studies have had conflicting results.8,9 A few studies also found direct and indirect
associations of vascular risk factors with increased tau burden,8,10-12 potentially moderated through
Aβ burden; however, a 2009 study13 did not find these associations.

Such inconsistent results might be explained by potential moderation by vascular
medications.3,14 Depending on treatment duration and type,14,15 the use of statins and
antihypertensive drugs may be associated with providing protection against Aβ deposition.16,17

Participants using these vascular medications might even have experienced adverse effects of
vascular risk factors over many years, but successful treatment preceding data collection could
obscure the associations of these vascular risk factors with AD pathogenesis.

We examined whether use of vascular medications moderate the association of vascular risk
factors (ie, cholesterol levels, BP, and a combined vascular risk score) with factors associated with AD
pathogenesis (ie, Aβ and tau burdens) in middle- to late-aged individuals who were cognitively
unimpaired and had a family history of AD. A first-degree family history of AD is associated with a 2-
to 3-fold increased risk for AD,18 making individuals with such a family history of AD ideal for studying
mechanisms associated with AD at an asymptomatic stage, which is the optimal time for prevention.
Our principal hypothesis was that an association between vascular risk factors and AD pathogenesis
would be stronger among individuals who did not use any medications to treat vascular risk factors
(untreated cohort) than in individuals using vascular medications (treated cohort).

Methods

Participants and Study Design
Participants were recruited from the Presymptomatic Evaluation of Experimental or Novel
Treatments for Alzheimer Disease (PREVENT-AD) cohort, an ongoing longitudinal observational
study comprising a total sample size of 385 individuals.19 Inclusion criteria for PREVENT-AD were
having parental or multiple-sibling history of AD-like dementia, being 60 years or older at enrollment
or age 55 to 59 years if that was fewer than 15 years from the age of symptomatic dementia onset of
a sibling or parent, having no major neurological diseases, and having unimpaired cognition. All
participants exhibited unimpaired cognitive and functional scores on the Montreal Cognitive
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Assessment20 and the Clinical Dementia Rating21 before exhibiting unimpaired neuropsychological
function on the Repeatable Battery for the Assessment of Neuropsychological Status.22 Fifteen
individuals with ambiguous Repeatable Battery for the Assessment of Neuropsychological Status or
Montreal Cognitive Assessment results were considered unimpaired after more extensive
neuropsychological testing, as reviewed by neuropsychologists and physicians (including J.G.,
J.C.S.B, and S.V.). A flowchart of this study is presented in eFigure 1 in the Supplement.

These cross-sectional analyses considered a subsample of PREVENT-AD participants who had
data on Aβ and tau burden, measured by positron emission tomography (PET) or cerebrospinal fluid
(CSF) assessment. Analyses were conducted separately in participants who had PET or CSF
assessment data. Participants were dichotomized further into those who did not report use of
medications to remediate vascular risk factors (untreated cohort) vs those who reported using such
medications, including lipid-lowering medications, antihypertensive medications, or both, at
enrollment (treated cohort). A joint category of all participants who used vascular medications was
created because dyslipidemia and hypertension often co-occur,23,24 and vascular medication may act
on multiple pathways.25 All procedures followed the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) reporting guidelines for cross-sectional studies.

This study was approved by the McGill University Faculty of Medicine institutional review board.
All participants received detailed study instructions and gave written informed consent prior to
participation.

Vascular Risk Factor Assessment
All participants underwent medical examinations, and nonfasting venous blood samples were taken
at enrollment. Tests included assessment of plasma lipid concentrations and BP (eAppendix in the
Supplement). Plasma levels of total, high-density lipoprotein (HDL), and low-density lipoprotein
(LDL) cholesterol were measured using the CHOD-PAP method (Synchron LX, UniCel DxC 600/800
System and Synchron Systems Lipid Calibrator; Beckman Coulter). Blood pressure was assessed in
a standardized procedure using an automatic sphygmomanometer (Connex ProBP 3400; Welch
Allyn) while participants were seated. Pulse pressure was calculated as the difference between
diastolic and systolic BP.

Combined Vascular Risk Score
A variety of combined risk scores incorporating multiple vascular risk factors have been previously
developed to estimate overall cardiovascular and coronary disease risk with the intent to detect
individuals who are at increased risk with greater sensitivity than is possible by assessment of single
risk factors.26 We used the Framingham Coronary Risk Profile (FCRP), a widely used index that
estimates 10-year risk of coronary heart disease.26 The FCRP score is calculated as a sum of weighted
measures of age, sex, systolic and diastolic BP, HDL and LDL cholesterol levels, smoking status, and
diabetes status.26 Higher scores indicate greater risk.

Assessments of Aβ and Tau Burdens
We performed PET scans using fluorine 18–labeled NAV4694 (NAV) for Aβ level and fluorine
18–labeled AV-1451 (Flortaucipir) for tau level estimation at the McConnell Brain Imaging Centre of the
Montreal Neurological Institute, Montreal, Quebec, Canada, on a high-resolution PET scanner
(Siemens). Static acquisition frames were obtained at 40 to 70 minutes after injection for Aβ and at
80 to 100 minutes after injection for tau. Structural magnetic resonance imaging (MRI) scans were
T1-weighted and acquired on a 3-T Siemens Trio scanner at the Brain Imaging Centre of the Douglas
Mental Health Institute, Montreal, using 2300 milliseconds for repetition time, 2.98 milliseconds for
echo time, 176 slices, and slice thickness of 1 mm.
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Cerebrospinal fluid samples were obtained by lumbar puncture in the morning under fasting
conditions. Concentrations of Aβ1-42 and phosphorylated tau (pTau) were measured by enzyme-
linked immunosorbent assay (INNOTEST; Fujirebio) as described previously.27 More information
about PET and CSF assessment is available in the eAppendix in the Supplement.

PET Processing
Data from PET were preprocessed using a standard pipeline.28 Briefly, 4-dimensional PET images
were calculated for means and linearly coregistered to each individual’s T1-weighted images before
being masked to exclude CSF binding and smoothed with a 6-mm3 Gaussian kernel. Individual
T1-weighted images were segmented based on the Desikan-Killiany atlas using the semiautomated
FreeSurfer processing stream version 5.3 (Martinos Center for Biomedical Imaging). Standardized
uptake value ratios (SUVR) were computed for Aβ burden29 by dividing the tracer uptake by
cerebellar gray matter uptake and for tau burden30 by dividing the tracer uptake by inferior
cerebellar gray matter uptake. We restricted the region of interest analyses to FreeSurfer-derived
AD-typical regions, in this case, weighted mean SUVRs from the frontal, temporal, parietal, and
posterior cingulate cortices for Aβ quantification29 and from the entorhinal cortex for tau
quantification.31

Genotyping
Genomic DNA was extracted from whole blood, and apolipoprotein E (APOE) genotype was
determined using the PyroMark Q96 pyrosequencer (Qiagen), as described previously.27 Participants
were classified as APOE ε4 carriers (ie, those who had 1-2 ε4 alleles) or noncarriers.

Statistical Analysis
Group differences between the treated vs untreated cohorts in the PET and in the CSF assessment
groups were tested using unpaired t tests for normally distributed continuous variables, Mann-
Whitney U tests for nonnormally distributed continuous variables, or χ2 tests for categorial variables.
Individuals with missing values were excluded from respective analyses.

To test for the main association of vascular risk factors with AD brain pathogenesis as measured
by Aβ or tau deposition, we performed multiple linear regression analyses in untreated and treated
cohorts combined. Models included age, sex, vascular medication status (ie, using medication or
not), and time difference between vascular risk factor assessments and undergoing PET as
covariates. A second model tested for statistical interaction between vascular risk factors and
vascular medication status in association with AD brain pathogenesis, retaining the same covariates
as in the first model. Finally, we examined associations of vascular risk factors with AD brain
pathogenesis separately for treated and untreated cohorts using independent linear regressions and
the same covariates as in the second model. On observing a significant interaction, subgroup
analyses were interpreted.

To investigate whether imaging findings could be reproduced using CSF biomarkers, we
performed the same multiple regression and within-group analyses using CSF Aβ1-42 and pTau levels
as dependent variables. While PET and CSF Aβ and tau biomarkers are known to be correlated, they
do not capture the exact same pathological components (soluble vs nonsoluble); thus, PET and CSF
may be considered as complementary markers.32,33

The mean (range) time delays between assessments of vascular risk factors at enrollment and
assessment of Aβ and tau were 45 (3-75) months for participants who underwent PET and 11 (0-62)
months for participants who underwent CSF assessment. Vascular risk factors were always assessed
prior to PET or CSF assessment. Although we did not expect noteworthy changes in SUVRs as
measured by PET within 45 months,34 we adjusted all statistical models for the time between
vascular risk factors and PET or CSF assessment. To explore potential modifying associations of APOE
ε4 status, we performed identical analyses that included APOE ε4 status as an additional covariate
in the models.
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Under the assumption that both lipid and BP biomarkers would be associated with AD
pathogenesis, we ran an exploratory regression model including both types of risk factors to test
whether they were independently associated with AD pathogenesis. Supplementary analyses
included linear regression to test whether longer treatment durations for dyslipidemia or
hypertension were associated with reduced AD pathological burden. Treatment duration before
enrollment in PREVENT-AD was reported by participants through an online questionnaire (response
rate, 88%).

Analyses were performed with SPSS statistical software version 24.0 (IBM Corp). Two-tailed P
values less than .05 were considered statistically significant. Analyses were not corrected for multiple
comparisons because of complementarity of the vascular risk factor measures. Individual results
should therefore be interpreted with caution.

Results

Participant Characteristics
The study sample included 215 participants (mean [SD] age, 62.3 [5.0], years; 161 [74.9%] women),
87 of whom (40.5%) were APOE ε4 carriers. Among 215 participants, 120 participants underwent
PET, including 75 participants (62.5%) who were not using vascular medications, and 162 participants
underwent CSF assessment, including 113 participants (69.8%) who were not using vascular
medications. There was an overlap of 67 participants who underwent PET and CSF assessment.
Among both groups, a total of 69 participants (mean [SD] age, 63.4 [4.5] years; 47 [68.1%] women)
used vascular medications, and 146 participants (mean [SD] age, 61.8 [5.1] years; 114 [78.1%] women)
did not use vascular medications. Compared with participants in the untreated cohort, participants
in the treated cohort had lower mean (SD) concentrations of total cholesterol (217.43 [33.2] mg/dL vs
189.31 [39.1] mg/dL; P < .001) and LDL cholesterol (124.96 [27.29] mg/dL vs 95.75 [36.20] mg/dL;
P < .001) but higher systolic BP (123.77 [14.4] mm Hg vs 131.67 [12.7] mm Hg; P < .001) and pulse
pressure (50.88 [10.8] mm Hg vs 55.81 [12.7] mm Hg; P = .003) (to convert cholesterol to millimoles
per liter, multiply by 0.0259). Levels of Aβ and tau were comparable in participants who underwent
PET and those who underwent CSF assessment regardless of treatment status. Complete participant
characteristics are presented in Table 1.

Participants were generally in good health, but nevertheless presented a wide range of vascular
risk factors. The predominant vascular risk factors recorded in the total cohort were total cholesterol
level more than 200 mg/dL (124 participants [57.9%]), LDL cholesterol level more than 130 mg/dL
(72 participants [34.0%]), systolic BP 130 mm Hg or higher (83 participants [38.6%]), diastolic BP 80
mm Hg or higher (66 participants [30.1%]) and body mass index (calculated as weight in kilograms
divided by height in meters squared) more than 30 (47 participants [22.0%]). Approximately 4% of
participants had diabetes, and approximately 3% of participants reported current smoking.

Associations of Vascular Risk Factors With Global Aβ and Entorhinal Tau SUVR
Measured by PET
Among participants who underwent PET, no association of vascular risk factors, either as individual
factors or combined as FCRP score, was found with global cerebral Aβ deposition. However,
interaction analyses showed that among participants not using vascular medications, higher Aβ
deposition as measured by PET was associated with higher total cholesterol (unstandardized
β = −0.002 [SE, 0.001]; P = .02), low-density lipoprotein cholesterol (β = −0.002 [SE, 0.001];
P = .006), systolic BP (β = −0.006 [SE, 0.002]; P = .02), pulse pressure (β = −0.007 [SE, 0.002];
P = .004), and Framingham Coronary Risk Profile score (β = −0.038 [SE, 0.011]; P = .001), but such
associations were absent in participants who used vascular medications (Figure 1 and Table 2).
Specifically, in untreated participants, a 50-mg/dL increase in total cholesterol level was associated
with an increase of 0.10 in Aβ SUVR, and a 50-mg/dL increase in LDL cholesterol level was associated
with an increase of 0.20 in Aβ SUVR. A 10–mm Hg increase in systolic BP was associated with a 0.06
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increase in Aβ SUVR, and a 10–mm Hg increase in pulse pressure was associated with a 0.10 increase
in Aβ SUVR. A 1-unit increase in FCRP score was associated with a 0.03 increase in Aβ SUVR. No
similar associations were found in the treated cohort of participants who underwent PET. These
results remained largely unchanged when APOE ε4 status was added as an additional covariate
(eTable 1 in the Supplement).

Table 1. Participant Characteristics

Characteristic

Participants, Mean (SD) [Range] (N = 215)a

Underwent PET (n = 120) Underwent CSF Assessment (n = 162)

Untreated Cohort
(n = 75)

Treated Cohort
(n = 45) P Value

Untreated Cohort
(n = 113)

Treated Cohort
(n = 49) P Value

Women, No. (%) 56 (74.7) 33 (73.3) .52b 88 (77.9) 29 (59.2) .02b

Age, y 63 (4.8)
[55-78]

64 (4.4)
[57-73]

.045c 62 (5.2)
[55-82]

63 (4.6)
[55-74]

.05d

Education, y 15 (3.2)
[7-24]

15 (3.4)
[7-24]

.51d 16 (3.0)
[10-27]

14 (3.1)
[7-20]

.09c

MOCA score 28.2 (1.5)
[24-30]

28.2 (1.6)
[24-30]

.86c 27.9 (1.5)
[23-30]

28.2 (1.5)
[25-30]

.39c

APOE ε4 carrier, No. (%) 28 (37.3) 21 (46.7) .31b 40 (35.4) 24 (49.0) .12b

Plasma cholesterol level,
mg/dL

Total 216.13 (36.0)
[135.35-320.96]e

188.37 (37.4)
[127.61-278.42]

<.001c 217.76 (32.5)
[143.08-320.96]e

186.42 (39.1)
[112.14-274.56]e

<.001c

HDL 60.31 (16.1)
[28.62-99.00]e

55.56 (13.2)
[34.42-96.29]

.10c 63.15 (17.1)
[28.62-121.81]e

57.55 (15.4)
[34.42-110.60]e

.05c

LDL 126.25 (28.1)
[66.51-223.13]f

94.84 (38.2)
[38.28-194.12]g

<.001c 125.21 (28.0)
[61.49-223.13]h

91.65 (33.4)
[38.28-167.44]h

<.001c

Arterial blood pressure,
mm Hg

Systolic 125.5 (13.3)
[100-158]

134.2 (12.4)
[107-168]

.001c 123.6 (14.9)
[92-162]

131.0 (12.3)
[110-164]

.003c

Diastolic 73.2 (7.5)
[60-94]

75.5 (8.3)
[60-93]

.12d 73.0 (8.7)
[52-98]

75.4 (8.8)
[58-93]

.09d

Pulse pressure,
mm Hg

52.3 (10.8)
[24-80]

58.7 (12.7)
[35-88]

.004c 50.8 (10.9)
[26-80]

55.7 (12.2)
[32-84]

.01c

FCRP score 5.9 (2.6)
[1-12]g

6.7 (2.9)
[1-12]

.16d 5.7 (2.5)
[0-12]h

5.7 (2.3)
[1-11]h

.97d

Aβ, [18F]NAV4694 SUVR,
median (IQR) [range]

1.2 (1.14-1.31)
[1.1-2.3]

1.22 (1.15-1.33)
[1.0-2.8]

.68d NA NA NA

Tau, [18F]AV-1451 SUVR,
median (IQR) [range]

1.05 (0.99-1.13)
[0.7-1.7]

1.04 (0.99-1.16)
[0.9-1.4]e

.92d NA NA NA

Aβ1-42, pg/mL NA NA NA 1192 (275)
[479-1760]i

1138 (261)
[501-1568]j

.27c

Phosphorylated tau, pg/mL NA NA NA 47.5 (16.0)
[12.1-98.2]e

48.8 (17.9)
[17.8-114.4]

.85d

Medication use, No. (%)

Lipid-lowering drugs NA 17 (38) NA NA 21 (43) NA

Antihypertensive drugs NA 14 (31) NA NA 12 (24) NA

Lipid-lowering and
antihypertensive drugs

NA 14 (31) NA NA 16 (33) NA

Duration of medication use, y NA 10.4 (8.7)
[1-36]g

NA NA 9.0 (5.7)
[1-21]k

NA

Abbreviations: Aβ, β-amyloid; CSF, cerebrospinal fluid; 18F, fluorine 18; FCRP,
Framingham Coronary Risk Profile; HDL, high-density lipoprotein; IQR, interquartile
range; LDL, low-density lipoprotein; MOCA, Montreal Cognitive Assessment; NA, not
applicable; PET, positron emission tomography; SUVR, standard uptake value ratio.

SI conversion factor: To convert cholesterol to millimoles per liter, multiply by 0.0259.
a There were 67 participants (31%) who underwent both PET and CSF assessments and

were included in both analyses, including 42 participants in the untreated cohorts and
25 participants in the treated cohorts.

b Calculated with χ2 test.
c Calculated with unpaired t test.

d Calculated with Mann-Whitney U test.
e Missing data for 1 participant.
f Missing data for 3 participants.
g Missing data for 2 participants.
h Missing data for 4 participants.
i Missing data for 15 participants.
j Missing data for 5 participants.
k Missing data for 8 participants.
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When included in the same regression model, we found independent associations of Aβ burden
with LDL cholesterol level (β = 0.003 [SE, 0.001], P = .006) and pulse pressure (β = 0.010 [SE,
0.003], P = .002) in the untreated cohort. Within the treated group, there were no associations of
treatment duration with Aβ SUVR after adjusting for age and sex (β = −0.007 [SE, 0.004]; P = .09).

In contrast to Aβ, there were no main associations of single vascular risk factors with tau
deposition, and there were no interactions between single vascular risk factors and vascular
medication associated with tau deposition in the entorhinal cortex. An interaction was found
between FCRP score and medication use associated with entorhinal tau. Within-group analyses of
the treated cohort suggested that a 1-unit increase in the FCRP score was associated with a 0.02
SUVR decrease in entorhinal tau (β = −0.010 [SE, 0.005]; P = .046) (Table 3; eFigure 2 in the
Supplement). This isolated association lost significance with adjustment for APOE ε4 status (eTable 2
in the Supplement).

Figure 1. Associations of Vascular Risk Factors and β-Amyloid Peptide (Aβ) Burden as Measured by Positron Emission Tomography
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Associations of Vascular Risk Factors With Aβ1-42 and pTau Levels Measured
by CSF Assessment
Comparable analyses using CSF assessments found negative associations of lower Aβ1-42
concentration, representing higher Aβ burden, with higher total cholesterol (β = −2.010 [SE, 0.641],
P = .002) and HDL cholesterol (β = −3.525 [SE, 1.474]; P = .02) levels. Interactions were also found
between vascular medication use and high-density lipoprotein cholesterol (β = −3.302 [SE, 1.540];
P = .03), low-density lipoprotein cholesterol (β = 1.546 [SE, 0.754]; P = .04), and Framingham
Coronary Risk Profile score (β = 23.102 [SE, 10.993]; P = .04) on Aβ1-42 burden as measured in CSF.
More specifically, a 50-mg/dL increase in LDL cholesterol was associated with a 164-pg/mL decrease
in Aβ1-42 levels (thus higher Aβ burden) in the untreated cohort. No significant associations were
found between FCRP score and Aβ1-42 in the treated or untreated cohorts. In the treated cohort, we
found that a 50-mg/dL increase in HDL cholesterol level was associated with a 393-pg/mL decrease
in Aβ1-42, reflecting higher Aβ burden (Figure 2; eTable 3 in the Supplement). After adjustment for
APOE ε4 status, only the associations with LDL cholesterol level remained significant within the
untreated cohort (eTable 4 in the Supplement).

No association was found between treatment duration and Aβ1-42 concentration after
adjusting for age and sex (β = 0.339 [SE, 7.971]; P = .97). Consistent with the PET data, no main
associations of vascular risk factors and no interactions between vascular risk factors and vascular
medication use were found with pTau levels as measured by CSF assessment (eFigure 3 and eTable 5
in the Supplement) or after correction for APOE ε4 status (eTable 6 in the Supplement).

Table 2. Associations of Vascular Risk Factors With Global Cerebral Aβ Burden Measured by Positron Emission Tomography

Variable

Aβ Burden, Unstandardized β (SE) [P Value]

Cholesterol Level Blood Pressure

Pulse Pressure FCRP ScoreTotal HDL LDL Systolic Diastolic
Model 1

Age 0.014 (0.006)
[.02]

0.015 (0.006)
[.02]

0.015 (0.006)
[.02]

0.013 (0.006)
[.047]

0.015 (0.006)
[.02]

0.012 (0.007)
[.06]

0.015 (0.007)
[.03]

Sex −0.058 (0.067)
[.39]

−0.061 (0.069)
[.38]

−0.090 (0.069)
[.20]

−0.036 (0.065)
[.58]

−0.041 (0.065)
[.54]

−0.034 (0.065)
[.60]

−0.080 (0.072)
[.27]

Time difference −0.002 (0.002)
[.15]

−0.002 (0.002)
[.14]

−0.002 (0.002)
[.18]

−0.002 (0.002)
[.12]

−0.002 (0.002)
[.12]

−0.002 (0.002)
[.12]

−0.003 (0.002)
[.11]

Medication 0.009 (0.064)
[.89]

−0.008 (0.061)
[.89]

0.033 (0.068)
[.63]

−0.033 (0.062)
[.60]

−0.015 (0.060)
[.80]

−0.032 (0.061)
[.60]

−0.008 (0.062)
[.90]

Vascular risk factor 0.001 (0.001)
[.28]

0.002 (0.002)
[.38]

0.001 (0.001)
[.17]

0.002 (0.002)
[.34]

−0.001 (0.004)
[.87]

0.003 (0.003)
[.23]

0.003 (0.012)
[.82]

Model 2: interaction of vascular
risk factor × medicationa

−0.002 (0.001)
[.02]

0.001 (0.002)
[.51]

−0.002 (0.001)
[.006]

−0.006 (0.002)
[.02]

<−0.001 (0.004)
[.98]

−0.007 (0.002)
[.004]

−0.038 (0.011)
[.001]

Untreated cohort

Age 0.019 (0.007)
[.01]

0.020 (0.008)
[.009]

0.019 (.007)
[.01]

0.016 (0.007)
[.04]

0.020 (0.007)
[.008]

0.014 (0.007)
[.047]

0.014 (0.008)
[.09]

Sex 0.018 (0.082)
[.82]

0.063 (0.089)
[.48]

0.021 (0.081)
[.80]

0.078 (0.078)
[.32]

0.060 (0.081)
[.46]

0.100 (0.077)
[.20]

0.021 (0.084)
[.80]

Time difference −0.002 (0.002)
[.18]

−0.002 (0.002)
[.19]

−0.002 (0.002)
[.30]

−0.002 (0.002)
[.25]

−0.002 (0.002)
[.18]

−0.002 (0.002)
[.30]

−0.003 (0.002)
[.13]

Vascular risk factor 0.002 (0.001)
[.04]

<−0.001 (0.002)
[.88]

0.004 (0.001)
[.004]

0.006 (0.003)
[.02]

−0.001 (0.005)
[.80]

0.010 (0.003)
[.002]

0.033 (0.015)
[.03]

Treated cohort

Age 0.006 (0.011)
[.56]

0.007 (0.011)
[.50]

0.009 (0.011)
[.43]

0.012 (0.012)
[.32]

0.006 (0.011)
[.58]

0.012 (0.012)
[.33]

0.014 (0.011)
[.20]

Sex −0.175 (0.112)
[.13]

−0.220 (0.111)
[.05]

−0.275 (0.117)
[.02]

−0.192 (0.109)
[.09]

−0.194 (0.111)
[.09]

−0.188 (0.109)
[.09]

−0.205 (0.122)
[.10]

Time difference −0.004 (0.003)
[.24]

−0.003 (0.003)
[.30]

−0.005 (0.003)
[.12]

−0.003 (0.003)
[.37]

−0.003 (0.003)
[.31]

−0.002 (0.003)
[.40]

−0.004 (0.003)
[.14]

Vascular risk factor −0.001 (0.001)
[.41]

0.005 (0.004)
[.21]

−0.001 (0.001)
[.47]

−0.005 (0.004)
[.25]

−.002 (0.006)
[.77]

−0.004 (0.004)
[.33]

−0.033 (0.019)
[.09]

Abbreviations: Aβ, β-amyloid peptide; FCRP, Framingham Coronary Risk Profile; HDL,
high-density lipoprotein; LDL, low-density lipoprotein.

a Adjusted for all covariates included in model 1.
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Discussion

This cross-sectional study found that cardiovascular medication use moderated the associations of
vascular risk factors with Aβ burden among middle- to late-aged individuals who were cognitively
unimpaired but at risk of AD. Specifically, we observed associations of higher total and LDL
cholesterol levels, systolic BP, pulse pressure, and a composite of vascular risk factors, FCRP score,
with increased cerebral Aβ deposition in individuals who did not use vascular medications.
Importantly, these associations were not present in individuals who used vascular medications. The
associations were not significant when participants were pooled together regardless of their
medication status. The findings with LDL cholesterol levels and FCRP score were replicated when Aβ
burden was measured using CSF Aβ1-42 levels. We did not observe associations between individual
vascular risk factors and cerebral or CSF tau accumulation, but vascular medication use showed an
interaction with the association of FCRP score with tau deposition as measured by PET, such that
higher FCRP scores were associated with reduced tau deposition in the treated cohort.

While some neuroimaging and autopsy studies have revealed no association of vascular health
with Aβ deposition,8,35 others have shown detrimental associations of higher cholesterol levels2 and
BP4,36 with Aβ accumulation. Our findings may explain these inconsistencies by showing that
vascular medication use moderated those associations such that, in our sample, such associations
were detectable only in untreated individuals. Similarly, a 2014 study6 reported that vascular risk
factor burden and Aβ were associated with reduced cortical thickness, particularly in individuals who
did not use cholesterol-lowering medications, compared with individuals who were treated for
hyperlipidemia.

Table 3. Associations of Vascular Risk Factors With Entorhinal Tau Burden as Measured by Positron Emission Tomography

Variable

Tau Burden, Unstandardized β (SE) [P Value]

Cholesterol Level Blood Pressure

Pulse Pressure FCRP ScoreTotal HDL LDL Systolic Diastolic
Model 1

Age 0.007 (0.003)
[.008]

0.008 (0.003)
[.006]

0.008 (0.003)
[.006]

0.008 (0.003)
[.01]

0.008 (0.003)
[.006]

0.007 (0.003)
[.01]

0.010 (0.003)
[.001]

Sex 0.018 (0.029)
[.54]

<0.001 (0.030)
[>.99]

0.009 (0.031)
[.76]

0.016 (0.029)
[.57]

0.017 (0.029)
[.56]

0.017 (0.029)
[.56]

0.023 (0.031)
[.47]

Time difference <−0.001 (0.001)
[.93]

<0.001 (0.001)
[.97]

<0.001 (0.001)
[.86]

<−0.001 (0.001)
[.96]

<−0.001 (0.001)
[.96]

<−0.001 (0.001)
[.97]

<−0.001 (0.001)
[.96]

Medication −0.012 (0.028)
[.68]

−0.006 (0.026)
[.83]

−0.011 (0.030)
[.72]

−0.010 (0.027)
[.72]

−0.009 (0.027)
[.74]

−0.012 (0.027)
[.66]

−0.005 (0.027)
[.85]

Vascular risk factor <−0.001 (<0.001)
[.95]

0.002 (0.001)
[.07]

<−0.001 (<0.001)
[.93]

<0.001 (0.001)
[.94]

−0.001 (0.002)
[.66]

<0.001 (0.001)
[.82]

−0.009 (0.005)
[.09]

Model 2: interaction of vascular
risk factor × medicationa

<−0.001 (<0.001)
[.56]

0.001 (0.001)
[.30]

−0.001 (0.001)
[.35]

−0.001 (0.001)
[.35]

<0.001 (0.002)
[.93]

−0.001 (0.001)
[.35]

−0.010 (0.005)
[.046]

Untreated cohort

Age 0.007 (0.004)
[.06]

0.007 (0.004)
[.06]

0.007 (0.004)
[.05]

0.006 (0.004)
[.08]

0.007 (.004)
[.048]

0.006 (0.004)
[.10]

0.007 (0.004)
[.07]

Sex 0.061 (0.040)
[.13]

0.056 (0.042)
[.19]

0.059 (0.041)
[.15]

0.063 (0.039)
[.11]

0.061 (0.038)
[.12]

0.067 (0.039)
[.09]

0.061 (0.041)
[.14]

Time difference <0.001 (0.001)
[.89]

<0.001 (0.001)
[.86]

<0.001 (0.001)
[.84]

<0.001 (0.001)
[.80]

<0.001 (0.001)
[.85]

<0.001 (0.001)
[.75]

<0.001 (0.001)
[.86]

Vascular risk factor <0.001 (<0.001)
[.96]

<0.001 (0.001)
[.72]

<0.001 (0.001)
[.62]

0.001 (0.001)
[.51]

−0.001 (0.002)
[.76]

0.002 (0.002)
[.30]

<0.001 (0.007)
[.97]

Treated cohort

Age 0.009 (0.004)
[.03]

0.010 (0.004)
[.02]

0.011 (0.004)
[.01]

0.012 (0.005)
[.01]

0.009 (0.004)
[.04]

0.012 (0.005)
[.02]

0.014 (0.004)
[.001]

Sex −0.056 (0.042)
[.19]

−0.081 (0.038)
[.04]

−0.089 (0.043)
[.046]

−0.057 (0.040)
[.16]

−0.060 (0.041)
[.15]

−0.057 (0.041)
[.17]

−0.044 (0.042)
[.30]

Time difference −0.001 (0.001)
[.52]

−0.001 (0.001)
[.49]

−0.002 (0.001)
[.17]

−0.001 (0.001)
[.62]

−0.001 (0.001)
[.53]

<0.001 (0.001)
[.64]

−0.001 (0.001)
[.17]

Vascular risk factor <0.001 (0.001)
[.76]

0.003 (0.001)
[.01]

<0.001 (<0.001)
[.46]

−0.002 (0.002)
[.24]

−0.001 (0.002)
[.64]

−0.001 (0.002)
[.42]

−0.019 (0.007)
[.006]

Abbreviations: FCRP, Framingham Coronary Risk Profile; HDL, high-density lipoprotein;
LDL, low-density lipoprotein.

a Adjusted for all covariates included in model 1.
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Our finding that lipid-lowering and antihypertensive medications moderated the associations
of vascular risk factors with Aβ burden could have clinical implications. It has been suggested that
cardiovascular medication might reduce AD risk by lowering arterial stiffness, leading to increased
cerebral blood flow and Aβ clearance.16,37 However, results from a randomized clinical trial38 and a
meta-analysis of cohort studies39 have been mixed. Other factors, such as treatment duration,
participants’ age at treatment onset, and medication type, appear to be important to the association
of vascular risk factor burden with AD-related end points.6,15 Interestingly, the mean Aβ burden was
similar in our treated and untreated cohorts. An alternative explanation for why an association of
vascular risk factors with Aβ burden was not observed in treated participants might be that vascular
risk factors were successfully lowered in most treated participants, but Aβ deposition had started
before treatment onset. Figure 1 suggests this, at least with lipid levels: the treated cohort had
cholesterol levels within reference ranges, but they may still have experienced adverse effects of
their hypercholesterolemia before it was treated. This question may depend also on their medication
type, timing, and duration.

Figure 2. Associations of Vascular Risk Factors With β-Amyloid Peptide (Aβ) Burden as Measured by Cerebrospinal Fluid Assessment
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value of the vascular risk factor; BP, blood pressure; HDL, high-density lipoprotein; and
LDL, low-density lipoprotein. To convert cholesterol to millimoles per liter, multiply
by 0.0259.
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The elevated AD risk in our study participants should render them well suited for analyses
examining the associations of vascular risk factors with AD pathogenesis. Different time points of
assessment of vascular risk factors in life might also influence their association with Aβ burden. For
example, vascular risk factors in midlife (age �70 years) may be associated with increased AD risk
and pathogenesis.5,40 Our results from a cohort of participants in middle to late age (mean age, 62
years) support these findings.

Although dyslipidemia and hypertension often co-occur,23,24 including both LDL cholesterol
level and pulse pressure as factors associated with cerebral Aβ burden in a single regression model
did not change our findings, suggesting that these factors were independently associated with the
outcome. However, the cross-sectional nature of our analyses makes it possible that the observed
associations were inversely related, so that Aβ burden might be associated with altered intracellular
vesicle trafficking and metabolic cholesterol homeostasis41 or vasopressor actions.42

The strongest known genetic AD risk factor, APOE ε4, has been found to be associated with lipid
metabolism,43 vasculature,44 Aβ deposition,45 and moderating the associations of vascular risk
factors with AD pathogenesis.3,46 However, some studies have reported conflicting results.7,8,40 In
our study, associations of vascular risk factors with Aβ burden measured using PET remained after
correction for APOE ε4 status, as has been reported previously.7,40 However, findings regarding CSF
Aβ1-42 levels were only partially independent of APOE ε4 status, suggesting that a potential
interaction between genetics and vascular risk factors associated with AD pathogenesis should be
further investigated.

It has been argued that composite vascular risk scores are more sensitive measures for
detecting associations of vascular risk factors with Aβ burden,6,7,40 although this has not been
consistently confirmed.12,47 In our study, the combined FCRP score, LDL cholesterol level, and pulse
pressure were the strongest factors associated with presymptomatic AD pathogenesis, but all of
these factors had similar associations with Aβ burden, which does not suggest superior sensitivity of
the FCRP score compared with single vascular risk factors. One reason for these results might be that
our study sample included very few individuals with diabetic comorbidities or smokers, which are
both included in the calculation of FCRP score.

With regard to tau, two 2019 studies of older adults who were cognitively unimpaired but who
had a mean age 10 years older than participants from the PREVENT-AD cohort reported that higher
vascular risk factor burden was associated with increased tau burden in the brain12 and CSF.48 We
found only 1 interaction between vascular medication use and the FCRP score associated with
cerebral tau burden, which unexpectedly suggested that higher vascular risk factor burden was
associated with lower tau deposition in the treated cohort. This isolated result could suggest that tau
burden is less sensitive to vascular risk factors than Aβ burden and that a combined vascular risk
score may be needed to show any association. However, we should note that the levels of cerebral
tau in our relatively young cohort were fairly low compared with cerebral Aβ levels; therefore,
associations of vascular risk factors and tau burden may have been more difficult to detect.
Furthermore, the association of vascular risk factors with tau was no longer significant when we
controlled for APOE ε4 status, drawing into question the strength of this individual association.
Further investigations are needed to better understand whether and how vascular risk factors are
associated with tau burden in the early AD continuum, and these inquiries should consider
confounding factors, such as medication use.

Strengths and Limitations
Our study has some strengths, including its reliance on middle- to late-aged individuals at risk for AD,
thereby perhaps exposing events in the initial accumulation of Aβ burden, that is, a time when
vascular risk factors may remain a promising target for disease prevention. The fact that PET findings
were substantiated, at least in part, by observations in CSF biomarkers associated with AD lends
further credence to the association of vascular risk factors with Aβ burden in such individuals.
Although we adjusted all models for the time difference between assessments of vascular risk factors
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and assessments of biomarkers associated with AD pathogenesis, the discord in findings with PET
and CSF assessment might reflect additional progression of AD stage at the time of PET
assessment,49 which was conducted a mean of 34 months after the CSF assessment. Different PET
and CSF findings might also reflect the measurement of different components of Aβ burden.49 The
prevalence of vascular risk factors in our cohort was generally comparable to that of the general US
population,50 except that current smoking status was approximately 10-fold lower in the
PREVENT-AD cohort, suggesting that our results are extendible to further populations.

Our study also has some limitations. We cannot exclude the possibility that participants in the
treated cohort may have had healthier lifestyles (eg, more regular exercise, maintaining healthy weight,
reduced alcohol consumption and smoking) because of an increased awareness of health concerns.
Such health consciousness may also have influenced our results. Other limitations of the study include
its cross-sectional design and that BP values were assessed from only 1 measurement instead of deter-
mining a mean of multiple measurements at enrollment. Studies with larger sample sizes are warranted
to investigate sex-specific associations of vascular risk factors with AD pathogenesis.

Conclusions

The findings of this cross-sectional study suggest that an individual’s use of vascular medications is
an important consideration when studying any association of vascular risk factors and AD
pathogenesis. Our findings also suggest the importance of targeting both systemic vascular burden
and Aβ burden in interventional studies of healthy individuals at risk of AD. Given the current lack of
effective AD treatments, the identification of modifiable risk factors associated with development
of presymptomatic AD trajectories should be of considerable interest for AD prevention research.

ARTICLE INFORMATION
Accepted for Publication: December 2, 2019.

Published: February 7, 2020. doi:10.1001/jamanetworkopen.2019.20780

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2020 Köbe T et al.
JAMA Network Open.

Corresponding Author: Sylvia Villeneuve, PhD, Studies on Prevention of Alzheimer’s Disease Centre, Douglas
Mental Health University Institute, 6875 LaSalle Blvd, Perry Pavilion, Room E3417.1, Montreal, QC H4H 1R3, Canada
(sylvia.villeneuve@mcgill.ca); Theresa Köbe, PhD, Studies on Prevention of Alzheimer’s Disease Centre, Douglas
Mental Health University Institute, 6875 LaSalle Blvd, Perry Pavilion, Room E3417.1, Montreal, QC H4H 1R3,
Canada (theresa.koebe@mail.mcgill.ca).

Author Affiliations: Department of Psychiatry, McGill University, Montreal, Quebec, Canada (Köbe, Gonneaud,
Pichet Binette, Meyer, McSweeney, Rosa-Neto, Breitner, Poirier, Villeneuve); Studies on Prevention of Alzheimer’s
Disease Centre, Douglas Mental Health University Institute, Montreal, Quebec, Canada (Köbe, Gonneaud, Pichet
Binette, Meyer, McSweeney, Rosa-Neto, Breitner, Poirier, Villeneuve); Department of Neurology and
Neurosurgery, McGill University, Montreal, Quebec, Canada (Rosa-Neto, Villeneuve); McConnell Brain Imaging
Centre, Montreal Neurological Institute, McGill University, Montreal, Quebec, Canada (Villeneuve).

Author Contributions: Drs Köbe and Villeneuve had full access to all of the data in the study and take
responsibility for the integrity of the data and the accuracy of the data analysis.

Concept and design: Köbe, Villeneuve.

Acquisition, analysis, or interpretation of data: All authors.

Drafting of the manuscript: Köbe, Villeneuve.

Critical revision of the manuscript for important intellectual content: All authors.

Statistical analysis: Köbe, Meyer, McSweeney, Villeneuve.

Obtained funding: Köbe, Rosa-Neto, Breitner, Poirier, Villeneuve.

Administrative, technical, or material support: Köbe, Rosa-Neto, Poirier, Villeneuve.

Supervision: Villeneuve.

JAMA Network Open | Neurology Association of Vascular Risk Factors With β-Amyloid Peptide and Tau Burdens

JAMA Network Open. 2020;3(2):e1920780. doi:10.1001/jamanetworkopen.2019.20780 (Reprinted) February 7, 2020 12/16

Downloaded From: https://jamanetwork.com/ on 02/09/2020

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2019.20780&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
https://jamanetwork.com/journals/jamanetworkopen/pages/instructions-for-authors#SecOpenAccess/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
mailto:sylvia.villeneuve@mcgill.ca
mailto:theresa.koebe@mail.mcgill.ca


Conflict of Interest Disclosures: Dr Rosa-Neto reported receiving grants from the Canadian Institutes of Health
Research, Weston Brain Institute, Fonds de Recherche du Québec–Santé, and the Canada Foundation for
Innovation during the conduct of the study. No other disclosures were reported.

Funding/Support: This study was funded by the Alzheimer Society of Canada (NIG-17-08; Dr Villeneuve), Brain
Canada (Dr Villeneuve), Quebec Bio-Imaging Network (Ms McSweeney), Healthy Brains for Healthy Lives (Ms
McSweeney), the Alzheimer’s Association (NIG-17-08; Dr Villeneuve), McGill University (Drs Breitner and Poirier),
the Fonds de Recherche du Québec–Santé (Drs Breitner and Poirier), an unrestricted research grant from Pfizer
Canada (Drs Breitner and Poirier), the Levesque Foundation (Dr Poirier), the Douglas Hospital Research Centre and
Foundation (Drs Breitner and Poirier), the Canadian Institutes of Health Research (PJT-162091 and PJT-148963; Dr
Villeneuve), the Canada Foundation for Innovation (Dr Villeneuve), and the German Research Foundation (KO
5731/1-1:1; Dr Köbe).

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

Group Information: The members of the Presymptomatic Evaluation of Experimental or Novel Treatments for
Alzheimer Disease (PREVENT-AD) Research Group are Paul Aisen, MD (Alzheimer’s Therapeutic Research Institute,
University of Southern California, San Diego); Elena Anthal, RN, Melissa Appleby, BA, Gülebru Ayranci, PhD, Pierre
Bellec, PhD, Véronique Bohbot, PhD, John C. S. Breitner, MPH, MD, Leopoldina Carmo, Mallar Chakravarty, PhD,
Laksanun Cheewakriengkrai, MD, Louis Collins, PhD, Leslie-Ann Daoust, RN, Marina Dauar-Tedeschi, MD, Doris
Dea, BSc, Clément Debacker, PhD, Guerda Duclair, RN, Marianne Dufour, Rana El-Khoury, LPN, Pierre Etienne, MD,
Alan Evans, PhD, Fabiola Ferdinand, RN, David Fontaine, PhD, Josée Frappier, MSc, Joanne Frenette, RN, Guylaine
Gagné, RN, Serge Gauthier, MDCM, Valérie Gervais, LPN, Renuka Giles, Julie Gonneaud, PhD, Renee Gordon, PhD.
Rick Hoge, PhD, Yasser Ituria-Medina, PhD, Justin Kat, BA, Christina Kazazian, BSc, Theresa Köbe, PhD, Anne
Labonté, BSc, Marie-Elyse Lafaille-Magnan, MSc, Tanya Lee, MSc, Illana Leppert, MEng, Cécile Madjar, MSc, Laura
Mahar, BA, Jean-Robert Maltais, MD, Ginette Mayrand, RN, Pierre-François Meyer, PhD, Justin Miron, MSc,
Nathalie Nilsson, MSc, Pierre Orban, PhD, Tharick A. Pascoal, MD, Mirela Petkova, BA, Cynthia Picard, PhD, Alexa
Pichet Binette, MSc, Morteza Pishnamazi, MD, Galina Pogossova, BA, Judes Poirier, PhD, Jens Pruessner, PhD,
Natasha Rajah, PhD, Pedro Rosa-Neto, PhD, MD, Mélissa Savard, MSc, Shirin Tabrizi, BA, Angela Tam, MSc,
Christine Tardif, PhD, Eduard Teigner, BSc, Louise Théroux, BSc, Jennifer Tremblay-Mercier, MSc, Miranda Tuwaig,
BSc, Isabelle Vallée, LPN, Vinod Venugopalan, PhD, Sander C. J. Verfaillie, PhD, Sylvia Villeneuve, PhD, and Karen
Wan, BA (Studies on Prevention of Alzheimer’s Disease Centre, Douglas Mental Health University Institute,
Montreal, Quebec, Canada); Alan Barkun, MSc, MDCM, Claudio Cuello, PhD, Mahsa Dadar, MSc, Samir Das, MSc,
Mark Eisenberg, MD, Vladimir Fonov, PhD, Penelope Kostopoulos, PhD, Claude Lepage, PhD, Gerhard Maultaup,
PhD, Melissa McSweeney, MSc, Lisa-Marie Münter, PhD, Pierre Rioux, MSc, Paule-Joanne Toussaint, PhD, and
Jacob Vogel, PhD (McGill University, Montreal, Quebec, Canada); Thomas Beaudry, BSc, Christophe Bedetti, MSc,
Fatiha Benbouhoud, Charles Edouard Carrier, RN, Blandine Courcot, PhD, Doris Couture, RN, René Desautels, MD,
Sylvie Dubuc, PharmD, Sarah Farzin, BSc, Anne-Marie Faubert, PharmD, David Maillet, PhD, Axel Mathieu, PhD,
Sulantha Mathotaarachchi, BSc, Diane Michaud, BSc, Vasavan Nair, MD, Jamie Near, PhD, Holly Newbold-Fox,
Véronique Pagé, MSc, Eunice Farah Saint-Fort, RRT, Alyssa Salaciak, BSc, BA, Stephanie Tullo, BSc, Seqian Wang,
BSc, and Elsa Yu, BA (Douglas Mental Health University Institute, affiliated with McGill University, Montreal,
Quebec, Canada); Jason Brandt, PhD (John Hopkins University, Baltimore, Maryland); Suzanne Craft, PhD (Wake
Forest School of Medicine, Winston-Salem, North Carolina); Christian Dansereau, MEng (Center de recherche de
l’Institut Universitaire de Gériatrie de Montreal, Montreal, Quebec, Canada; Université de Montréal, Montreal,
Quebec, Canada); Clifford R. Jack, MD and David S. Knopman, MD (Mayo Clinic, Rochester, Minnesota); Zaven S.
Khachaturian, PhD (Khachaturian and Associates, Potomac, Maryland); Jeannie-Marie Leoutsakos, PhD (John
Hopkins University, Baltimore, Maryland); Thomas J. Montine, PhD, MD (Washington University, Seattle); John C.
Morris, MD (Washington University School of Medicine at St Louis, St Louis, Missouri); Mark A. Sager, MD
(Wisconsin Alzheimer’s Institute, University of Wisconsin School of Medicine and Public Health, Madison); Reisa A.
Sperling, MMSc, MD (Center for Alzheimer’s Research and Treatment Harvard Medical School, Boston,
Massachusetts); Nathan Spreng, PhD (Montreal Neurological Institute and Hospital, Montreal, Quebec, Canada);
Pierre N. Tariot, MD (Banner Alzheimer Institute, Phoenix, Arizona); Ronald G. Thomas, PhD (University of
California School of Medicine, San Diego); and Etienne Vachon-Presseau, PhD (Department of Anesthesiology,
McGill University, Montreal, Quebec, Canada).

Additional Contributions: Jennifer Tremblay-Mercier, MSc (Douglas Mental Health University Institute, Studies on
Prevention of Alzheimer’s Disease Centre, Montreal, Quebec, Canada), provided administrative support and
helped in data acquisition. Joanne Frenette and Leslie-Ann Daoust (Douglas Mental Health University Institute,
Studies on Prevention of Alzheimer’s Disease Centre, Montreal, Quebec, Canada) helped in data acquisition. They
were not compensated for their contributions outside of their normal salary.

JAMA Network Open | Neurology Association of Vascular Risk Factors With β-Amyloid Peptide and Tau Burdens

JAMA Network Open. 2020;3(2):e1920780. doi:10.1001/jamanetworkopen.2019.20780 (Reprinted) February 7, 2020 13/16

Downloaded From: https://jamanetwork.com/ on 02/09/2020



REFERENCES
1. Zlokovic BV. Neurovascular pathways to neurodegeneration in Alzheimer’s disease and other disorders. Nat Rev
Neurosci. 2011;12(12):723-738. doi:10.1038/nrn3114

2. Reed B, Villeneuve S, Mack W, DeCarli C, Chui HC, Jagust W. Associations between serum cholesterol levels and
cerebral amyloidosis. JAMA Neurol. 2014;71(2):195-200. doi:10.1001/jamaneurol.2013.5390

3. Rodrigue KM, Rieck JR, Kennedy KM, Devous MD Sr, Diaz-Arrastia R, Park DC. Risk factors for β-amyloid
deposition in healthy aging: vascular and genetic effects. JAMA Neurol. 2013;70(5):600-606. doi:10.1001/
jamaneurol.2013.1342

4. Langbaum JB, Chen K, Launer LJ, et al. Blood pressure is associated with higher brain amyloid burden and lower
glucose metabolism in healthy late middle-age persons. Neurobiol Aging. 2012;33(4):827.e11-827.e19. doi:10.1016/
j.neurobiolaging.2011.06.020

5. Nation DA, Edland SD, Bondi MW, et al. Pulse pressure is associated with Alzheimer biomarkers in cognitively
normal older adults. Neurology. 2013;81(23):2024-2027. doi:10.1212/01.wnl.0000436935.47657.78

6. Villeneuve S, Reed BR, Madison CM, et al. Vascular risk and Aβ interact to reduce cortical thickness in AD
vulnerable brain regions. Neurology. 2014;83(1):40-47. doi:10.1212/WNL.0000000000000550

7. Reed BR, Marchant NL, Jagust WJ, DeCarli CC, Mack W, Chui HC. Coronary risk correlates with cerebral amyloid
deposition. Neurobiol Aging. 2012;33(9):1979-1987. doi:10.1016/j.neurobiolaging.2011.10.002

8. Vemuri P, Lesnick TG, Przybelski SA, et al. Age, vascular health, and Alzheimer disease biomarkers in an elderly
sample. Ann Neurol. 2017;82(5):706-718. doi:10.1002/ana.25071

9. Stephen R, Liu Y, Ngandu T, et al. Associations of CAIDE Dementia Risk Score with MRI, PIB-PET measures, and
cognition. J Alzheimers Dis. 2017;59(2):695-705. doi:10.3233/JAD-170092

10. Arvanitakis Z, Capuano AW, Lamar M, et al. Late-life blood pressure association with cerebrovascular and
Alzheimer disease pathology. Neurology. 2018;91(6):e517-e525. doi:10.1212/WNL.0000000000005951

11. Nation DA, Edmonds EC, Bangen KJ, et al; Alzheimer’s Disease Neuroimaging Initiative Investigators. Pulse
pressure in relation to tau-mediated neurodegeneration, cerebral amyloidosis, and progression to dementia in
very old adults. JAMA Neurol. 2015;72(5):546-553. doi:10.1001/jamaneurol.2014.4477

12. Rabin JS, Yang HS, Schultz AP, et al. Vascular risk and β-amyloid are synergistically associated with cortical tau.
Ann Neurol. 2019;85(2):272-279. doi:10.1002/ana.25399

13. Wang LY, Larson EB, Sonnen JA, et al. Blood pressure and brain injury in older adults: findings from a
community-based autopsy study. J Am Geriatr Soc. 2009;57(11):1975-1981. doi:10.1111/j.1532-5415.2009.02493.x

14. Li HH, Lin CL, Huang CN. Neuroprotective effects of statins against amyloid β-induced neurotoxicity. Neural
Regen Res. 2018;13(2):198-206. doi:10.4103/1673-5374.226379

15. Glodzik L, Rusinek H, Kamer A, et al. Effects of vascular risk factors, statins, and antihypertensive drugs on PiB
deposition in cognitively normal subjects. Alzheimers Dement (Amst). 2016;2:95-104. doi:10.1016/j.dadm.2016.
02.007

16. Chu CS, Tseng PT, Stubbs B, et al. Use of statins and the risk of dementia and mild cognitive impairment:
a systematic review and meta-analysis. Sci Rep. 2018;8(1):5804. doi:10.1038/s41598-018-24248-8

17. Hajjar I, Brown L, Mack WJ, Chui H. Impact of angiotensin receptor blockers on Alzheimer disease
neuropathology in a large brain autopsy series. Arch Neurol. 2012;69(12):1632-1638. doi:10.1001/archneurol.
2012.1010

18. Goldman JS, Hahn SE, Catania JW, et al; American College of Medical Genetics and the National Society of
Genetic Counselors. Genetic counseling and testing for Alzheimer disease: joint practice guidelines of the
American College of Medical Genetics and the National Society of Genetic Counselors. Genet Med. 2011;13(6):
597-605. doi:10.1097/GIM.0b013e31821d69b8

19. Breitner JCS, Poirier J, Etienne PE, Leoutsakos JM. Rationale and structure for a new Center for Studies on
Prevention of Alzheimer’s Disease (StoP-AD). J Prev Alzheimers Dis. 2016;3(4):236-242. doi:10.14283/jpad.
2016.121

20. Nasreddine ZS, Phillips NA, Bédirian V, et al. The Montreal Cognitive Assessment, MoCA: a brief screening tool
for mild cognitive impairment. J Am Geriatr Soc. 2005;53(4):695-699. doi:10.1111/j.1532-5415.2005.53221.x

21. Morris JC. The Clinical Dementia Rating (CDR): current version and scoring rules. Neurology. 1993;43(11):
2412-2414. doi:10.1212/WNL.43.11.2412-a

22. Randolph C, Tierney MC, Mohr E, Chase TN. The Repeatable Battery for the Assessment of Neuropsychological
Status (RBANS): preliminary clinical validity. J Clin Exp Neuropsychol. 1998;20(3):310-319. doi:10.1076/jcen.20.3.
310.823

JAMA Network Open | Neurology Association of Vascular Risk Factors With β-Amyloid Peptide and Tau Burdens

JAMA Network Open. 2020;3(2):e1920780. doi:10.1001/jamanetworkopen.2019.20780 (Reprinted) February 7, 2020 14/16

Downloaded From: https://jamanetwork.com/ on 02/09/2020

https://dx.doi.org/10.1038/nrn3114
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2013.5390&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2013.1342&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2013.1342&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
https://dx.doi.org/10.1016/j.neurobiolaging.2011.06.020
https://dx.doi.org/10.1016/j.neurobiolaging.2011.06.020
https://dx.doi.org/10.1212/01.wnl.0000436935.47657.78
https://dx.doi.org/10.1212/WNL.0000000000000550
https://dx.doi.org/10.1016/j.neurobiolaging.2011.10.002
https://dx.doi.org/10.1002/ana.25071
https://dx.doi.org/10.3233/JAD-170092
https://dx.doi.org/10.1212/WNL.0000000000005951
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2014.4477&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
https://dx.doi.org/10.1002/ana.25399
https://dx.doi.org/10.1111/j.1532-5415.2009.02493.x
https://dx.doi.org/10.4103/1673-5374.226379
https://dx.doi.org/10.1016/j.dadm.2016.02.007
https://dx.doi.org/10.1016/j.dadm.2016.02.007
https://dx.doi.org/10.1038/s41598-018-24248-8
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archneurol.2012.1010&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archneurol.2012.1010&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
https://dx.doi.org/10.1097/GIM.0b013e31821d69b8
https://dx.doi.org/10.14283/jpad.2016.121
https://dx.doi.org/10.14283/jpad.2016.121
https://dx.doi.org/10.1111/j.1532-5415.2005.53221.x
https://dx.doi.org/10.1212/WNL.43.11.2412-a
https://dx.doi.org/10.1076/jcen.20.3.310.823
https://dx.doi.org/10.1076/jcen.20.3.310.823


23. Dalal JJ, Padmanabhan TN, Jain P, Patil S, Vasnawala H, Gulati A. LIPITENSION: interplay between dyslipidemia
and hypertension. Indian J Endocrinol Metab. 2012;16(2):240-245. doi:10.4103/2230-8210.93742

24. Selby JV, Peng T, Karter AJ, et al. High rates of co-occurrence of hypertension, elevated low-density
lipoprotein cholesterol, and diabetes mellitus in a large managed care population. Am J Manag Care. 2004;10(2 Pt
2):163-170.

25. Golomb BA, Dimsdale JE, White HL, Ritchie JB, Criqui MH. Reduction in blood pressure with statins: results
from the UCSD Statin Study, a randomized trial. Arch Intern Med. 2008;168(7):721-727. doi:10.1001/archinte.
168.7.721

26. Wilson PW, D’Agostino RB, Levy D, Belanger AM, Silbershatz H, Kannel WB. Prediction of coronary heart
disease using risk factor categories. Circulation. 1998;97(18):1837-1847. doi:10.1161/01.CIR.97.18.1837

27. Meyer PF, Savard M, Poirier J, et al; Alzheimer’s Disease Neuroimaging Initiative; PREVENT-AD Research
Group. Bi-directional association of cerebrospinal fluid immune markers with stage of Alzheimer’s disease
pathogenesis. J Alzheimers Dis. 2018;63(2):577-590. doi:10.3233/JAD-170887

28. GitHub. Villeneuve Laboratory PET Pipeline. https://github.com/villeneuvelab/vlpp. Accessed December 18,
2019.

29. Villeneuve S, Rabinovici GD, Cohn-Sheehy BI, et al. Existing Pittsburgh Compound-B positron emission
tomography thresholds are too high: statistical and pathological evaluation. Brain. 2015;138(pt 7):2020-2033. doi:
10.1093/brain/awv112

30. Baker SL, Maass A, Jagust WJ. Considerations and code for partial volume correcting [18F]-AV-1451 tau PET
data. Data Brief. 2017;15:648-657. doi:10.1016/j.dib.2017.10.024

31. Schöll M, Lockhart SN, Schonhaut DR, et al. PET imaging of tau deposition in the aging human brain. Neuron.
2016;89(5):971-982. doi:10.1016/j.neuron.2016.01.028

32. Hansson O, Seibyl J, Stomrud E, et al; Swedish BioFINDER study group; Alzheimer’s Disease Neuroimaging
Initiative. CSF biomarkers of Alzheimer’s disease concord with amyloid-β PET and predict clinical progression:
a study of fully automated immunoassays in BioFINDER and ADNI cohorts. Alzheimers Dement. 2018;14(11):
1470-1481. doi:10.1016/j.jalz.2018.01.010

33. La Joie R, Bejanin A, Fagan AM, et al. Associations between [18F]AV1451 tau PET and CSF measures of tau
pathology in a clinical sample. Neurology. 2018;90(4):e282-e290. doi:10.1212/WNL.0000000000004860

34. Villemagne VL, Burnham S, Bourgeat P, et al; Australian Imaging Biomarkers and Lifestyle (AIBL) Research
Group. Amyloid β deposition, neurodegeneration, and cognitive decline in sporadic Alzheimer’s disease:
a prospective cohort study. Lancet Neurol. 2013;12(4):357-367. doi:10.1016/S1474-4422(13)70044-9

35. Besser LM, Alosco ML, Ramirez Gomez L, et al. Late-life vascular risk factors and Alzheimer disease
neuropathology in individuals with normal cognition. J Neuropathol Exp Neurol. 2016;75(10):955-962. doi:10.
1093/jnen/nlw072

36. Hughes TM, Lopez OL, Evans RW, et al. Markers of cholesterol transport are associated with amyloid
deposition in the brain. Neurobiol Aging. 2014;35(4):802-807. doi:10.1016/j.neurobiolaging.2013.09.040

37. Takeda S, Sato N, Ogihara T, Morishita R. The renin-angiotensin system, hypertension and cognitive
dysfunction in Alzheimer’s disease: new therapeutic potential. Front Biosci. 2008;13:2253-2265. doi:10.
2741/2839

38. Sano M, Bell KL, Galasko D, et al. A randomized, double-blind, placebo-controlled trial of simvastatin to treat
Alzheimer disease. Neurology. 2011;77(6):556-563. doi:10.1212/WNL.0b013e318228bf11

39. Xu G, Bai F, Lin X, et al. Association between antihypertensive drug use and the incidence of cognitive decline
and dementia: a meta-analysis of prospective cohort studies. Biomed Res Int. 2017;2017:4368474. doi:10.1155/
2017/4368474

40. Gottesman RF, Schneider AL, Zhou Y, et al. Association between midlife vascular risk factors and estimated
brain amyloid deposition. JAMA. 2017;317(14):1443-1450. doi:10.1001/jama.2017.3090

41. Liu Y, Peterson DA, Schubert D. Amyloid beta peptide alters intracellular vesicle trafficking and cholesterol
homeostasis. Proc Natl Acad Sci U S A. 1998;95(22):13266-13271. doi:10.1073/pnas.95.22.13266

42. Smith EE, Greenberg SM. Beta-amyloid, blood vessels, and brain function. Stroke. 2009;40(7):2601-2606.
doi:10.1161/STROKEAHA.108.536839

43. Puglielli L, Tanzi RE, Kovacs DM. Alzheimer’s disease: the cholesterol connection. Nat Neurosci. 2003;6(4):
345-351. doi:10.1038/nn0403-345

44. Davignon J, Cohn JS, Mabile L, Bernier L. Apolipoprotein E and atherosclerosis: insight from animal and
human studies. Clin Chim Acta. 1999;286(1-2):115-143. doi:10.1016/S0009-8981(99)00097-2

JAMA Network Open | Neurology Association of Vascular Risk Factors With β-Amyloid Peptide and Tau Burdens

JAMA Network Open. 2020;3(2):e1920780. doi:10.1001/jamanetworkopen.2019.20780 (Reprinted) February 7, 2020 15/16

Downloaded From: https://jamanetwork.com/ on 02/09/2020

https://dx.doi.org/10.4103/2230-8210.93742
https://www.ncbi.nlm.nih.gov/pubmed/15005509
https://www.ncbi.nlm.nih.gov/pubmed/15005509
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archinte.168.7.721&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archinte.168.7.721&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
https://dx.doi.org/10.1161/01.CIR.97.18.1837
https://dx.doi.org/10.3233/JAD-170887
https://github.com/villeneuvelab/vlpp
https://dx.doi.org/10.1093/brain/awv112
https://dx.doi.org/10.1016/j.dib.2017.10.024
https://dx.doi.org/10.1016/j.neuron.2016.01.028
https://dx.doi.org/10.1016/j.jalz.2018.01.010
https://dx.doi.org/10.1212/WNL.0000000000004860
https://dx.doi.org/10.1016/S1474-4422(13)70044-9
https://dx.doi.org/10.1093/jnen/nlw072
https://dx.doi.org/10.1093/jnen/nlw072
https://dx.doi.org/10.1016/j.neurobiolaging.2013.09.040
https://dx.doi.org/10.2741/2839
https://dx.doi.org/10.2741/2839
https://dx.doi.org/10.1212/WNL.0b013e318228bf11
https://dx.doi.org/10.1155/2017/4368474
https://dx.doi.org/10.1155/2017/4368474
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2017.3090&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
https://dx.doi.org/10.1073/pnas.95.22.13266
https://dx.doi.org/10.1161/STROKEAHA.108.536839
https://dx.doi.org/10.1038/nn0403-345
https://dx.doi.org/10.1016/S0009-8981(99)00097-2


45. Morris JC, Roe CM, Xiong C, et al. APOE predicts amyloid-beta but not tau Alzheimer pathology in cognitively
normal aging. Ann Neurol. 2010;67(1):122-131. doi:10.1002/ana.21843

46. Wang R, Fratiglioni L, Laukka EJ, et al. Effects of vascular risk factors and APOE ε4 on white matter integrity
and cognitive decline. Neurology. 2015;84(11):1128-1135. doi:10.1212/WNL.0000000000001379

47. Rabin JS, Schultz AP, Hedden T, et al. Interactive associations of vascular risk and β-amyloid burden with
cognitive decline in clinically normal elderly individuals: findings from the Harvard Aging Brain Study. JAMA
Neurol. 2018;75(9):1124-1131. doi:10.1001/jamaneurol.2018.1123

48. Bos I, Vos SJB, Schindler SE, et al. Vascular risk factors are associated with longitudinal changes in
cerebrospinal fluid tau markers and cognition in preclinical Alzheimer’s disease. Alzheimers Dement. 2019;15(9):
1149-1159. doi:10.1016/j.jalz.2019.04.015

49. Palmqvist S, Mattsson N, Hansson O; Alzheimer’s Disease Neuroimaging Initiative. Cerebrospinal fluid analysis
detects cerebral amyloid-β accumulation earlier than positron emission tomography. Brain. 2016;139(pt 4):
1226-1236. doi:10.1093/brain/aww015

50. Ford ES, Giles WH, Mokdad AH. The distribution of 10-year risk for coronary heart disease among US adults:
findings from the National Health and Nutrition Examination Survey III. J Am Coll Cardiol. 2004;43(10):1791-1796.
doi:10.1016/j.jacc.2003.11.061

SUPPLEMENT.
eAppendix. Supplementary Methods
eFigure 1. Study Flow Chart
eFigure 2. Associations of Vascular Risk Factors With Tau Burden as Measured by Positron Emission Tomography
in Treated and Untreated Cohorts
eFigure 3. Associations of Vascular Risk Factors With Phosphorylated Tau as Measured by Cerebrospinal Fluid
Assessment in Treated and Untreated Cohorts
eTable 1. Associations of Vascular Risk Factors With Aβ Burden Measured With PET and Its Moderation By Vascular
Medication Use Additionally Adjusted for APOE ε4 Status
eTable 2. Associations of Vascular Risk Factors With Tau Burden Measured With PET and Its Moderation by
Vascular Medication Use Additionally Adjusted for APOE ε4 Status
eTable 3. Associations of Vascular Risk Factors With Aβ1-42 as Measured by Cerebrospinal Fluid Assessment
Moderated by Vascular Medication Use
eTable 4. Associations of Vascular Risk Factors With Aβ1-42 Measured in Cerebrospinal Fluid and Its Moderation by
Vascular Medication Use Additionally Adjusted for APOE ε4 Status
eTable 5. Associations of Vascular Risk Factors With Phosphorylated Tau as Measured by Cerebrospinal Fluid
Assessment Moderated by Vascular Medication Use
eTable 6. Associations of Vascular Risk Factors With Phosphorylated Tau Measured in Cerebrospinal Fluid and Its
Moderation by Vascular Medication Use Additionally Adjusted for APOE ε4 Status
eReferences.

JAMA Network Open | Neurology Association of Vascular Risk Factors With β-Amyloid Peptide and Tau Burdens

JAMA Network Open. 2020;3(2):e1920780. doi:10.1001/jamanetworkopen.2019.20780 (Reprinted) February 7, 2020 16/16

Downloaded From: https://jamanetwork.com/ on 02/09/2020

https://dx.doi.org/10.1002/ana.21843
https://dx.doi.org/10.1212/WNL.0000000000001379
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2018.1123&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2019.20780
https://dx.doi.org/10.1016/j.jalz.2019.04.015
https://dx.doi.org/10.1093/brain/aww015
https://dx.doi.org/10.1016/j.jacc.2003.11.061

