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Abstract Introduction: Vascular factors increase the risk of Alzheimer’s disease (AD). We investigated the
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associations between such factors, longitudinal AD cerebrospinal fluid biomarkers, and cognition.
Methods: 433 cognitively normal participants were classified into four biomarker groups using their
baseline amyloid (A1/2) and tau status (T1/2). 184 participants had undergone serial cerebrospinal
fluid collection. Frequencies of risk factors and the Framingham Risk Score (FRS) were compared,
and we tested the influence of risk factors on change in biomarker concentrations and cognition.
Results: The absence of obesity, presence of hypertension, and a high FRS were associated with an
increase in tau levels, particularly in A1T1 individuals. Risk factors were not associated with am-
yloid. Depression was associated with higher cognitive scores, whereas high FRSwas associated with
lower scores and a faster decline.
Discussion: Our results demonstrate that vascular risk factors may enhance neurodegeneration but
not amyloid accumulation in preclinical AD.
� 2019 the Alzheimer’s Association. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Lifestyle factors and vascular comorbidities have been
associated with an increased risk of cognitive decline and
Alzheimer’s disease (AD) dementia [1–4]. The availability
of biomarkers for AD now provides an opportunity to
study the associations of these risk factors with AD
pathology before the onset of dementia. However, previous
cross-sectional studies on the relationship between risk
factors and AD pathology in the predementia stages are
inconclusive [5–11] and there have been only few studies
that examined risk factors, longitudinal biomarkers, and
ghts reserved.
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cognitive changes [12,13]. Understanding the associations
between risk factors and changes in AD biomarkers and
cognition in cognitively normal older individuals will be
critical for the development of primary and secondary
prevention strategies and may improve prognostic
accuracy for future patients.

The two primary types of AD biomarkers are those re-
flecting amyloid deposition and those reflecting neuronal
injury. Although results regarding the relationship between
AD biomarkers and vascular risk factors have been mixed,
an increasing number of cross-sectional biomarker studies
report associations with neuronal injury markers
[6,7,10,12], but few found a relationship with amyloid
[5,6]. It remains unknown how vascular risk factors are
associated with changes in AD pathology over time. To
our knowledge only two studies so far have examined the
impact of vascular risk factors in a longitudinal biomarker
design, including one that only focused on hypertension
[12,13]. In addition, studying this in a longitudinal
biomarker design focusing both on amyloid and
neurodegenerative markers seems especially important
because a recent study showed that in cognitively normal
individuals, the temporal ordering of biomarker changes
might be different from the classic hypothesis that in AD,
amyloid deposition precedes neurodegeneration [14].
Regarding cognitive decline, previous findings suggest that
vascular risk factors increase the rate of decline, in particular
in individuals who have amyloid pathology and are cogni-
tively normal [8]. Yet, it is less well known, which risk fac-
tors have the strongest impact on AD pathology and
cognitive decline, making it difficult to develop targeted pre-
vention strategies [15,16].

Therefore, our first aim was to investigate the associa-
tions between risk factors, the Framingham Risk Score
(FRS) [17], AD biomarker profiles, and changes in AD bio-
markers over time, in a cohort of cognitively normal individ-
uals. Second, we examined whether these risk factors
influenced the relationship between AD biomarkers and
cognitive decline.
2. Methods

2.1. Participants

Participants were selected from longitudinal studies of
memory and aging at the Knight Alzheimer’s Disease
Research Center at Washington University School of Medi-
cine in St. Louis [18]. Participants were included in the pre-
sent study (n 5 433) if they met the following criteria: (1)
Clinical Dementia Rating (CDR) [19] of 0 at baseline, indi-
cating normal cognition; (2) CSF collection within one year
of the baseline clinical assessment with available data on
levels of amyloid-b42 (Ab42), total tau (t-tau), and phosphor-
ylated tau181 (p-tau); and (3) completed a clinical assessment
and psychometric battery at the baseline visit and at least
one follow-up visit. For the present study, the clinical visit
closest to the first CSF collection was considered the base-
line visit. The study was approved by the Human Research
Protection Office at Washington University, and all partici-
pants provided written informed consent.

2.2. Risk factors

The following risk factors were assessed at baseline: hy-
pertension, hypercholesterolemia, diabetes mellitus,
vitamin B12 deficiency, depression, current smoking,
alcohol abuse, transient ischemic attack, stroke, obesity,
and cardiovascular disorders. Risk factors were based on
self- or proxy-reported information during the baseline
assessment. Using a structured questionnaire, risk factors
were coded as absent, recent/active, or remote/inactive.
For the present study, both the recent/active and the
remote/inactive categories were compared to the absent
category. Definitions of risk factors are listed in
Supplementary Table 1. Statistical comparisons were con-
ducted only on risk factors that were relatively common
in our study population (frequency .10%) to have suffi-
cient statistical power for all statistical analysis, including
interaction effects. The FRS was calculated based on
plasma total and high-density lipoprotein cholesterol, sys-
tolic blood pressure, smoking status, and medical history
of diabetes, as described in detail elsewhere [17].

2.3. Clinical assessment and psychometric battery

Clinical assessment with formulation of the CDR was
performed annually by trained clinicians who were blinded
to the participant’s previous CDR, clinical diagnosis, and
performance on psychometric tests. The Mini–Mental State
Examination (MMSE) [20] was completed as part of the
clinical assessment. A psychometric battery was adminis-
tered at a separate session. The psychometric tests analyzed
for this study were the Free and Cued Selective Reminding
Test free immediate recall portion [21]; the Trail making
Test parts A and B [22]; the Animal Naming task [23]; and
the Digit Symbol task from the Wechsler Adult Intelligence
Scale-R [24]. A cognitive composite score was created from
the available cognitive measures.

2.4. CSF collection and analyses

CSF samples (20–30 mL) were collected from all 433 in-
dividuals at baseline. In addition, 184 individuals provided
CSF repeatedly during their annual visits: n5 107 provided
two samples, n 5 54 provided three samples, and n 5 23
provided four or more samples. All lumbar punctures were
performed at 8 AM following overnight fasting. CSF was
collected via gravity drip. After completion of sample
collection, the CSF was gently inverted to disrupt potential
gradient effects, briefly centrifuged at low speed to pellet
any cellular debris, and aliquoted (0.5 mL) into polypro-
pylene tubes before freezing at 280�C [25]. Ab42, t-tau,
and p-tau were measured with Elecsys immunoassays on
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the automated cobas e 601 analyzer using a single lot of
assays for each analyte [26].

2.5. Genetic analyses

The Knight Alzheimer’s Disease Research Center Ge-
netics Core performed DNA extraction and apolipoprotein
E (APOE) genotyping from nonfasted blood collected at
the time of clinical assessment [27]. APOE genotype was
dichotomized as APOE ε4 carrier and noncarrier.

2.6. Biomarker classification

We classified participants into four groups based on
combinations of baseline amyloid and tau status. Amyloid
positivity (A1) was defined as baseline CSF Ab42 , 1098
pg/mL. This cutoff was determined based on the CSF Ab42
value with the highest Youden index, which best distin-
guished individuals with and without significant brain am-
yloid burden by positron emission tomography (PET)
using the radiotracer 11C-Pittsburgh compound B in a
separate but overlapping cohort (total n 5 200) [26]. Par-
ticipants were classified as tau positive (T1) based on
either abnormal CSF t-tau (.255 pg/mL) or p-tau (.23
pg/mL) at baseline. These cutoffs were determined based
on the CSF t-tau and p-tau values with the highest Youden
index, which best discriminated the reference group
(CDR 5 0, amyloid PET-negative, n 5 216) and symp-
tomatic AD (CDR.0, amyloid PET-positive, n 5 52) in
a separate but overlapping cohort (unpublished data).
Tau status was based on either abnormal t-tau or p-tau
as the concordance between the two markers was very
high (96%).

2.7. Statistical analyses

Demographics and baseline characteristics were
compared among the four biomarker groups using t-tests
for continuous variables and c2 tests for categorical vari-
ables. The frequency of risk factors were compared among
groups using logistic regression, adjusted for age, gender,
years of education, and APOE ε4 status. When the overall
difference between the four biomarker groups reached sig-
nificance on the tested variables (i.e., demographics, base-
line characteristics, or frequency of risk factors), we used
contrast testing to determine which biomarker groups
differed from each other.

General linear mixed models, with random intercepts and
slopes, were used to analyze the influence of risk factor sta-
tus on concentrations of CSF Ab42, t-tau, and p-tau over
time. For these models, the baseline biomarker levels were
estimated based on the total sample (n 5 433), whereas
change in biomarker levels over time (slopes) was estimated
based on a subgroup of subjects (n5 184). We also assessed
the interaction with the four biomarker groups at baseline
and the slopes (risk factor*biomarker groups). Before com-
parisons, Ab42 values were log-transformed to approximate
a normal distribution, but untransformed values were used
for visualization.

General linear mixed models were also used to examine
the influence of risk factors on cognitive performance and
decline. For these models, the main effect of baseline risk
factors on cognitive performance (baseline) and decline
(slope) was assessed in the total group and in all four
biomarker groups separately. In all analyses, we only as-
sessed risk factors that had an overall frequency of .10%
as this allowed testing of interaction effects between risk fac-
tors and biomarker groups cross-sectionally and longitudi-
nally. Risk factors with a lower frequency would yield
smaller subgroups that have the risk factor, especially longi-
tudinally and in the A1T1 group, which would provide un-
reliable or missing results. All models were adjusted for age,
years of education, gender, and APOE ε4 status. The FRS
was dichotomized into low (,12.95) and high (�12.95)
scores using a median split. We corrected for multiple com-
parisons, using the false discovery rate adjustment [28], tak-
ing into account the testing of five risk factors and the FRS.
Statistical analyses were performed using the R statistical
software (version 3.3.3) and SPSS (version 24), with signif-
icance defined as P , .05.
3. Results

We included 433 individuals with an average age of 68.3
(SD 8.5) years at baseline. Two hundred and twenty-nine
(53%) were female, and 149 (34%) carried at least one
APOE ε4 allele. The average clinical follow-up time was
5.2 (SD 2.7) years, and the average biomarker follow-up
time was 2.1 (SD 2.8) years. At the last clinical follow-up,
29 (7%) individuals had a CDR � 0.5. Baseline sample
characteristics and frequency of risk factors by biomarker
groups are shown in Table 1. One hundred and eighty-
seven participants (43%) were classified as A2T2, 72
(16%) as A2T1, 116 (27%) as A1T2, and 58 (13%) as
A1T1.
3.1. Frequency of risk factors in baseline biomarker
groups

Six of the assessed risk factors had a frequency below
10% and were, therefore, not included in the statistical com-
parisons: diabetes mellitus (9%), vitamin B12 deficiency
(3%), smoking (7%), alcohol abuse (5%), transient ischemic
attack (2%), and stroke (1%) (Supplementary Table 2). The
most common risk factors were hypercholesterolemia
(65%), hypertension (58%), and depression (36%)
(Table 1). Only 34 (8%) individuals had none of the assessed
risk factors, 87 (20%) had a single risk factor, and 312 (72%)
had more than one risk factor. The frequency of obesity was
lower in the A1T1 group than the T2 groups (A2T2:
P5 .033; A1T2: P5 .030). The frequency of cardiovascu-
lar disorders was higher in the A1T1 group relative to the
biomarker-negative group (P 5 .025) (Table 1).



Table 1

Demographics and risk factors by biomarker groups

Variables All A2T2 A2T1 A1T2 A1T1
Overall

P value

No. (%) 433 (100) 187 (43) 72 (17) 116 (27) 58 (13) –

Baseline age (years), mean (SD) 68.3 (8.5) 66.1 (8.7)*,y 70.4 (8.7)y,z 68.0 (8.7)y,x 73.3 (7.4)y,z ,0.001

Female, No. (%) 229 (53) 107 (57)y 48 (67)y,x 46 (40)*,z 28 (48)* 0.001

APOE ε4 carrier, No. (%) 149 (34) 40 (21)y,x 15 (21)y,x 57 (49)*,z 37 (64)*,z ,0.001

Education (years), mean (SD) 16.1 (2.7) 16.2 (2.6) 15.8 (2.5) 16.3 (2.9) 15.6 (3.1) 0.321

Baseline MMSE score, mean (SD) 29.1 (1.3) 29.2 (1.0)x 29.1 (1.1) 29.0 (1.5) 28.8 (1.6)z ,0.001

Baseline CDR-SOB, mean (SD) 0.02 (0.1) 0.019 (0.1) 0.028 (0.1) 0.013 (0.1) 0.026 (0.1) 0.728

Baseline cognitive compound Z-score, mean (SD) 0.02 (0.7) 0.20 (0.7)*,y,x 20.01 (0.6)z,x 0.00 (0.68)z,x 20.45 (0.8)*,y,z ,0.001

Individuals with longitudinal biomarkers, No. (%) 184 (42) 92 (50) 25 (35) 44 (38) 23 (40) –

Biomarker follow-up (No. of visits), mean (SD) 1.7 (0.9) 1.8 (1.0)z,x 1.5 (0.9)z 1.5 (0.8)z 1.6 (0.8) 0.016

Biomarker follow-up time (years), mean (SD){ 2.1 (2.8) 2.6 (3.0) 1.9 (2.9) 1.8 (2.5) 1.7 (2.5) 0.064

Cognitive follow-up (No. of visits), mean (SD) 4.8 (2.5) 4.8 (2.7) 5.5 (2.3) 4.4 (2.3) 4.8 (2.6) 0.054

Cognitive follow-up time (years), mean (SD) 5.2 (2.7) 5.5 (2.9) 5.5 (2.2) 4.7 (2.6) 4.9 (2.7) 0.071

Baseline Ab42, pg/mL, mean (SD) 1357.3 (647.5) 1630.1 (392.7)*,y,x 2055.4 (728.9)y,z,x 797.7 (200.5)*,z 730.4 (186.6)*,z ,0.001

Last follow-up Ab42, pg/mL, mean (SD){ 1096.6 (526.3) 1282.7 (478.2)*,y,x 1391.6 (649.1)y,z,x 775.0 (312.1)*,z,x 655.4 (246.2) ,0.001

Baseline t-tau, pg/mL, mean (SD) 225.7 (93.8) 185.9 (36.3)*,y,x 325.5 (70.6)y,z,x 163.2 (44.5)*,z,x 355.4 (97.0)*,y,z ,0.001

Last follow-up t-tau, pg/mL, mean (SD){ 237.6 (119.5) 189.8 (54.7)*,x 340.1 (90.4)y,z,x 189.5 (82.2)*,x 421.1 (159.4)*,y,z ,0.001

Baseline p-tau, pg/mL, mean (SD) 20.5 (9.9) 16.0 (3.2)*,x 29.2 (7.9)y,z,x 14.8 (4.3)*,x 35.7 (11.9)*,y,z ,0.001

Last follow-up p-tau, pg/mL, mean (SD){ 22.1 (13.2) 16.7 (5.1)*,x 31.2 (10.0)y,z,x 17.4 (8.8)*,x 43.9 (18.9)*,y,z ,0.001

Hypertension, No. (%), (n 5 433) 251 (58) 92 (49) 46 (64) 74 (64) 39 (67) 0.058

Hypercholesterolemia, No. (%), (n 5 422) 273 (65) 116 (63) 53 (76) 70 (61) 34 (62) 0.206

Depression, No. (%), (n 5 421) 152 (36) 72 ((39) 28 (41) 36 (32) 16 (29) 0.613

Obesity, No. (%), (n 5 428) 113 (26) 59 (32)x 12 (17) 37 (32)x 5 (9)y,z 0.048

Cardiovascular disorders, No. (%), (n 5 423) 55 (13) 18 (10)x 10 (15) 12 (11) 15 (26)z 0.010

Framingham Risk Score, mean (SD), (n 5 335) 16.3 (11.4) 14.0 (9.6) 17.2 (10.6) 18.0 (13.3) 18.7 (12.0) 0.292

NOTE. Comparisons between groups on frequency of risk factors were adjusted for age, gender, years of education, and APOE ε41. When overall difference

between groups was significant, post hoc testing between groups was conducted. Bold values are P , .05.

Abbreviations: A, amyloid; APOE, apolipoprotein E; T, tau; TIA, transient ischemic attack; p-tau, phosphorylated tau181; t-tau, total tau.

*P , .05 compared to A2T1.
yP , .05 compared to A1T2.
zP , .05 compared to A2T2.
xP , .05 compared to A1T1.
{Available in a subgroup: A2T2, n 5 92; A2T1, n 5 25; A1T2, n 5 44; and A1T1, n 5 23.
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3.2. Associations between risk factors and biomarker
values at baseline

Table 2 shows the associations between risk factors and
baseline biomarker values. Risk factors associated with sig-
nificant baseline differences or changes in CSF biomarkers
are illustrated in Fig. 1. We found no associations between
risk factors and Ab42 levels at baseline in the total group
or in the four biomarker groups (Table 2). In the whole sam-
ple, obesity was associated with lower baseline levels of t-
tau (P , .001) and p-tau (P , .001). When stratifying by
biomarker groups, the inverse effect of obesity on p-tau
was only significant in the A1T1 group (P 5 .032) and
showed a trend for t-tau in the A1T1 group (P5 .080) after
false discovery rate correction (Table 2).
3.3. Associations between risk factors and longitudinal
change in biomarker values

Table 3 shows the associations between risk factors and
change in Ab42, t-tau, and p-tau values in the total group
and in four biomarker groups. We found that none of the fac-
tors were associated with a change in Ab42 levels over time
in the total group or in the biomarker groups (Table 3). Hy-
pertension was associated with a faster increase in t-tau and
p-tau levels over time, but only in A1T1 individuals (t-tau:
P5 .002; p-tau P, .001) (Table 3). A higher FRS was asso-
ciated with a faster increase in levels of t-tau, but only in
A1T1 individuals (P5 .042) (Table 3). Hypercholesterole-
mia, depression, and cardiovascular disorders were not asso-
ciated with longitudinal change in CSFAb42, t-tau, or p-tau
levels.
3.4. Influence of risk factors on cognitive performance and
decline

We assessed the influence of risk factors on cognitive per-
formance and decline in the total group and in the four
biomarker groups (Table 4). In the total group, there were
no associations of risk factors on baseline or longitudinal
MMSE scores. In the A1T1 group, a higher FRS was asso-
ciated with lower baseline MMSE scores (P 5 .023),
whereas depression was associated with higher baseline



Table 2

Effect of risk factors on baseline biomarker values in the total group and by baseline biomarker groups

Risk factors

Ab42 t-tau p-tau

Mean difference

in total group

P value

interaction

groups by

risk factor

Mean difference per

biomarkergroup

Mean difference

in total group

P value

interaction

groups by

risk factor

Mean difference per

biomarker group

Mean difference

in total group

P value

interaction

groups by

risk factor

Mean difference per

biomarker group

Hypertension 7.4 6 61.6 0.603 A2T2: 18.8 6 61.5

A2T1: 220.1 6 100.7

A1T2: 75.0 6 80.4

A1T1: 239.3 6 115.9

26.6 6 9.0 0.675 A2T2: 26.0 6 8.3

A2T1: 211.3 6 13.6

A1T2: 27.1 6 10.9

A1T1: 227.2 6 15.7

20.9 6 1.0 0.759 A2T2: 20.7 6 0.9

A2T1: 21.9 6 1.5

A1T2: 20.9 6 1.2

A1T1: 23.0 6 1.7

Hypercholesterolemia 9.6 6 194.5 0.603 A2T2: 2106.5 6 63.5

A2T1: 2164.4 6 115.9

A1T2: 6.6 6 79.4

A1T1: 58.3 6 115.3

23.5 6 9.1 0.675 A2T2: 24.4 6 8.6

A2T1: 222.9 6 15.6

A1T2: 215.2 6 10.7

A1T1: 14.1 6 15.6

20.6 6 0.7 0.309 A2T2: 20.4 6 0.9

A2T1: 22.9 6 1.7

A1T2: 21.7 6 1.2

A1T1: 2.6 6 1.7

Depression 42.0 6 63.1 0.603 A2T2: 13.6 6 63.3

A2T1: 145.5 6 101.9

A1T2: 276.1 6 83.9

A1T1: 232.7 6 123.8

28.4 6 6.3 0.675 A2T2: 2.5 6 8.2

A2T1: 216.8 6 13.2

A1T2: 215.5 6 10.9

A1T1: 24.1 6 16.1

21.3 6 0.7 0.759 A2T2: .02 6 0.9

A2T1: 22.2 6 1.5

A1T2: 21.6 6 1.2

A1T1: 21.2 6 1.8

Obesity 2180.2 6 275.8 0.603 A2T2: 280.3 6 65.3

A2T1: 169.7 6 130.6

A1T2: 2.3 6 82.6

A1T1: 240.4 6 194.5

228.0 ± 8.9y 0.675 A2T2: 24.2 6 8.7

A2T1: 229.4 6 17.4

A1T2: 218.0 6 11.0

A1T1: 260.5 6 26.0

23.2 ± 0.9y 0.309 A2T2: 20.2 6 1.0

A2T1: 23.4 6 1.9

A1T2: 21.7 6 1.2

A1T1: 27.6 ± 2.9*

Cardiovascular disorders 277.8 6 91.9 0.680 A2T2: 2121.0 6 105.7

A2T1: 2176.1 6 142.8

A1T2: 26.5 6 128.3

A1T1: 223.4 6 125.0

213.4 6 8.6 0.675 A2T2: 22.7 6 14.2

A2T1: 217.4 6 19.2

A1T2: 228.7 6 17.3

A1T1: 25.0 6 16.8

21.4 6 1.0 0.759 A2T2: 20.4 6 1.6

A2T1: 21.0 6 2.1

A1T2: 23.0 6 1.9

A1T1: 21.1 6 1.9

Framingham Risk Score 86.0 6 89.1 0.680 A2T2: 298.3 6 80.9

A2T1: 248.0 6 109.1

A1T2: 51.3 6 93.9

A1T1: 238.4 6 136.4

29.2 6 8.8 0.675 A2T2: 212.2 6 11.2

A2T1: 225.3 6 15.1

A1T2: 28.5 6 13.0

A1T1: 9.3 6 18.8

20.7 6 0.9 0.759 A2T2: 21.2 6 1.2

A2T1: 22.0 6 1.6

A1T2: 20.8 6 1.4

A1T1: 1.3 6 2.0

NOTE. Numbers are mean difference6 standard error, between individuals with and without risk factor. Statistical comparisons are conducted on log-transformed Ab42 values, and untransformed values are

listed in the table. All analyses are adjusted for age, gender, and APOE ε4 status. P , .01.

Abbreviations: Ab, amyloid b; APOE, apolipoprotein E; A, amyloid; T, tau; t-tau, total tau; p-tau, phosphorylated tau181.

*P , .05.
yP , .001.
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Fig. 1. Longitudinal change in Ab42, t-tau, and p-tau values over time by risk factor status. The panels represent the mean scores and 95% confidence intervals

based on the general linear mixedmodel coefficients and standard error of biomarker values during follow-up by baseline risk factor status. The upper panels (A,

B, C) show results for Ab42, the middle panels (D, E, F) for t-tau, and the lower panels for p-tau (G, H, I). The panels on the left (A, D, G) show the effects of

hypertension, the middle panels (B, E, H) show the effect of obesity, and the panels on the right (C, F, I) show the effect of the Framingham Risk Score. The

black, horizontal dotted line indicates the biomarker cutoffs that define positivity for Ab42 (,1098 pg/mL), t-tau (.255 pg/mL), and p-tau (.23 pg/mL). P

values indicate difference between individuals with and without the risk factor over time.
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MMSE scores (P 5 .045) (Table 4). Longitudinal analyses
showed that in the A1T1 group, a high FRS was associated
with a faster rate of decline (P 5 .031) (Table 4).

Results were fairly similar when CDR sum of boxes
was used as the cognitive outcome measure
(Supplementary Table 3). When using a cognitive compos-
ite score as the outcome measure, baseline results were
also generally similar, except that we now found that
obesity was associated with lower baseline cognitive com-
posite scores in the A2T2 and A1T2 groups. Longitudi-
nally, we found no significant associations between risk
factors and decline in the cognitive composite score
(Supplementary Table 4).
Post hoc, we tested whether results were different when,
instead of using t-tau or p-tau to define tau status, only t-tau
or p-tau were used for the tau classifications. The outcomes
of these analyses were similar to the main results.
4. Discussion

In a large cohort of cognitively normal older individuals,
we investigated associations of risk factors with AD
biomarker profiles, longitudinal CSF biomarker changes,
and cognition. The following were our main findings: (1)
Normal-to-low body mass index (BMI) (i.e., BMI & 30)
was associated with abnormal t-tau and p-tau at baseline;



Table 3

Effect of risk factors on change in biomarker values over time

Risk factors

Ab42 t-tau p-tau

Slope in

total group

P value

interaction

group by

risk factor

Slope in biomarker

groups

Slope in

total group

P value

interaction

group by

risk factor

Slope in biomarker

groups

Slope in

total group

P value

interaction

groups by

risk factor

Slope per

biomarker group

Hypertension 27.2 6 11.1 0.673 A2T2: 219.4 6 15.6

A2T1: 5.7 6 27.1

A 1 T2: 11.1 6 24.9

A 1 T1: 219.1 6 36.7

3.8 6 1.7 0.012 A2T2: 0.6 6 2.3

A2T1: 23.6 6 4.3

A 1 T2: 1.8 6 3.6

A 1T1: 21.2 ± 5.2y

0.4 6 0.2 0.030 A2T2: 0.1 6 0.2

A2T1: 20.3 6 0.4

A 1 T2: 0.1 6 0.4

A 1T1: 2.1 ± 0.5z

Hypercholesterolemia 22.6 6 11.5 0.539 A2T2: 217.2 6 14.6

A2T1: 70.3 6 28.3

A 1 T2: 213.5 6 23.4

A 1 T1: 10.6 6 32.9

22.15 6 1.8 0.844 A2T2: 0.2 6 2.5

A2T1: 26.6 6 4.7

A 1 T2: 23.9 6 3.6

A 1 T1: 2.3 6 5.0

20.2 6 0.2 0.773 A2T2: 2.02 6 0.2

A2T1: 20.5 6 0.4

A 1 T2: 20.5 6 0.4

A 1 T1: 0.1 6 0.4

Depression 215.2 6 11.7 0.205 A2T2: 229.9 6 15.5

A2T1: 50.4 6 29.7

A 1 T2: 23.3 6 24.6

A 1 T1: 8.7 6 43.5

20.15 6 1.8 0.844 A2T2: 20.1 6 2.5

A2T1: 5.0 6 4.6

A 1 T2: 23.7 6 3.8

A 1 T1: 10.6 6 6.2

0.0 6 0.2 0.941 A2T2: 0.1 6 0.2

A2T1: 0.5 6 0.5

A 1 T2: 20.2 6 0.4

A 1 T1: 0.8 6 0.6

Obesity 16.5 6 12.8 0.442 A2T2: 9.837 6 16.7

A2T1: 31.3 6 45.8

A 1 T2: 8.5 6 24.8

A 1 T1: 28.6 6 61.2

23.0 6 2.0 0.880 A2T2: 22.1 6 2.7

A2T1: 26.5 6 6.8

A 1 T2: 0.6 6 3.7

A 1 T1: 28.4 6 8.9

20.4 6 0.2 0.773 A2T2: 20.2 6 0.3

A2T1: 20.7 6 0.7

A 1 T2: 20.2 6 0.4

A 1 T1: 20.8 6 0.9

Cardiovascular disorders 27.9 6 20.4 0.132 A2T2: 224.5 6 29.5

A2T1: 279.2 6 66.1

A 1 T2: 23.8 6 38.2

A 1 T1: 29.2 6 44.6

0.3 6 3.0 0.844 A2T2: 0.9 6 4.8

A2T1: 214.4 6 8.1

A 1 T2: 27.4 6 5.5

A 1 T1: 4.2 6 6.0

0.1 6 0.3 0.941 A2T2: 0.2 6 0.5

A2T1: 21.5 6 0.8

A 1 T2: 20.7 6 0.5

A 1 T1: 0.2 6 0.6

Framingham Risk Score 20.4 6 15.1 0.203 A2T2: 29.3 6 21.5

A2T1: 45.0 6 37.8

A 1 T2: 215.8 6 34.4

A 1 T1: 12.0 6 55.8

4.0 6 2.1 0.063 A2T2: 0.1 6 2.8

A2T1: 1.1 6 4.9

A 1 T2: 6.7 6 4.2

A 1T1: 17.8 ± 6.9*

0.3 6 0.2 0.090 A2T2: .05 6 0.3

A2T1: 0.1 6 0.5

A 1 T2: 0.4 6 0.4

A 1 T1: 1.8 6 0.6

NOTE: Slopes (difference risk factor–no risk factor) are mean6 standard error, between individuals with and without risk factors. Statistical comparisons are conducted on log-transformed Ab42 values. All
analyses are adjusted for age, gender, and APOE ε4 status.

Abbreviations: Ab, amyloid b; APOE, apolipoprotein E; t-tau, total tau; p-tau, phosphorylated tau181.

*P , .05.
yP , .01
zP , .001
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(2) Cardiovascular disorders occurred more frequently in
individuals with abnormal amyloid and tau at baseline; (3)
Hypertension and a higher FRS were associated with a
faster increase in tau levels over time in individuals with
abnormal amyloid and tau at baseline; and (4) In the
A1T1 group, a higher FRS was associated with lower
MMSE scores and a faster rate of decline, whereas depres-
sion was associated with better performance on the MMSE
at baseline.

Considering baseline biomarker profiles, we found that a
lower frequency of obesity occurred more frequently in pre-
clinical AD (i.e., A1T1) and that the absence of obesity was
associated with higher tau values. Although this is partly in
line with previous literature suggesting that a decrease in
BMI could be indicative of underlying AD pathology in
late life [5,9,29–31], it also indicates that the absence of
obesity is associated with tau and not with amyloid in our
study population. This weight loss may also be induced by
underlying metabolic or inflammatory changes associated
with tau accumulation [32,33]. Nevertheless, validation of
this finding in other populations and age groups is
necessary. Furthermore, we found that cardiovascular
disorders, such as carotid artery stenosis and congestive
heart failure, occurred more frequently in individuals with
preclinical AD than individuals with normal AD
biomarkers. This is compatible with studies showing that
AD pathology and vascular disorders, as well as
concomitant cerebral vascular pathology, often coexist in
late-onset AD [34,35].

To our knowledge, this study is among the first to inves-
tigate the influence of risk factors on longitudinal change in
CSF biomarker values in cognitively normal individuals.
Moreover, as a single lot of assays for each analyte was
used on a fully automated system, potential variability due
to analytical procedures is minimized in the current data
set [26]. The longitudinal biomarker analyses showed that
both hypertension and a higher FRS were associated with
a faster increase in tau concentrations over time and this ef-
fect was driven by the individuals who already had amyloid
and tau pathologies. As blood pressure is a major contributor
in the FRS [17], the associations with the FRS can partly be
attributed to hypertension. These findings are in line with
previous animal and neuropathological studies [36,37] and
partially overlap with a smaller clinical study showing that
a change in blood pressure was associated with an increase
in p-tau concentrations over time in older individuals with
hypertension [12]. Although our results and other previous
studies identify hypertension as a contributor to neurodegen-
eration, results remain inconclusive about the effectiveness
of hypertension treatment as an AD prevention strategy. In
our study, use of antihypertensive treatment was part of the
definition of hypertension and 77% of individuals diagnosed
with hypertension were using antihypertensive drugs at
baseline. Despite this high percentage of individuals on
antihypertensive treatment, we still found effects of hyper-
tension on neurodegeneration, which could suggest that
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treatment was initiated too late in life or a more intense treat-
ment is required to slow down the progression of AD
[38,39].

A high FRS was not only associated with changes in t-tau
values over time but also with an increased rate of decline in
MMSE scores and lower scores at baseline in individuals
who already had amyloid and tau pathology. This may sug-
gest that tau-related pathology is an important contributor to
cognitive impairment [40,41] and could be a potential
mediator in the relationship between amyloid, vascular
factors, and cognitive decline [42]. Depression was associ-
ated with higher MMSE scores at baseline in the A1T1
group. Although this finding seems counterintuitive, it is
consistent with results from our previous study in individuals
with mild cognitive impairment [9] and others have shown
that severity and trajectory of the depressive symptoms
could temporarily impact cognitive performance in various
stages of AD [43]. In addition, we found that the MMSE
and CDR were more sensitive in detecting change in cogni-
tion over time than a cognitive composite score consisting of
five cognitive measures. This observation may reflect the
fact that the MMSE and CDR also measure functional status
including orientation in time and place, which have been
found to be sensitive to detect preclinical AD and cognitive
decline [44,45].

In general, we found no associations between Ab42 levels
and vascular risk factors, suggesting separate pathophysio-
logical amyloid and vascular pathways, which both enhance
neurodegeneration [42,46]. Moreover, our findings suggest
that vascular risk factors enhance neurodegeneration and
increase cognitive decline only in individuals who already
have abnormal amyloid and tau (A1T1) and not in those
with only abnormal tau (A2T1), supporting the classical
view of an Ab-initiated cascade and not that of a nonlinear
relationship between Ab and tau [14]. However, results
could be different in younger populations as quadratic ef-
fects of Ab seem to be most pronounced in younger individ-
uals [14].

Our study has several limitations that should be
mentioned. First, data on risk factors and medication use
were based on self- or proxy-reported information, which
could have led to underreporting or overreporting of risk fac-
tors. Second, we were unable to assess the influence of all 11
risk factors as the overall frequency was too low. This low
overall frequency of risk factors may be due to baseline
exclusion of individuals with a medical or psychiatric illness
that could interfere with longitudinal follow-up or adversely
impact cognition. Third, we only investigated relationships
with CSF biomarkers, and imaging markers (i.e., amyloid
PET or tau PET) could have led to different results. Fourth,
when creating baseline biomarker profiles, we did not apply
the newly proposed A/T/N criteria, which differentiate be-
tween t-tau and p-tau status [47]. As p-tau and t-tau are high-
ly correlated in our sample, the T/N discordant groups would
be too small, which would limit the statistical power of our
analyses. Finally, as this study included individuals who
were willing to participate in biomarker studies, the fre-
quencies of vascular risk and of AD biomarkers found in
this sample are not directly comparable to those in the gen-
eral population. The major strengths of our study include the
relatively long clinical follow-up, the diverse spectrum of as-
sessed risk factors, and the unique data on longitudinal CSF
measurements in a relatively large research cohort of healthy
volunteers.

In conclusion, we found that in cognitively normal in-
dividuals with preclinical AD (i.e., with abnormal amy-
loid and tau levels), hypertension and a higher FRS
were associated with a faster increase in CSF tau markers.
In addition, a normal-to-low BMI later in life may be
related to early AD given its association with increased
tau levels. These data support the view that hypertension
plays a critical role in the progression of AD; however,
future studies should disentangle how AD prevention stra-
tegies could benefit from early treatment and management
of hypertension. In addition, our results show that factors,
such as BMI and cholesterol, should be monitored from
midlife onward to detect early changes possibly related
to AD.
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RESEARCH IN CONTEXT

1. Systematic review: Vascular factors have been asso-
ciated with an increased risk of Alzheimer’s disease
(AD). As longitudinal biomarker studies concerning
this topic have been scarce, we investigated the asso-
ciations between risk factors, longitudinal cerebro-
spinal fluid biomarkers, and cognition in
cognitively normal individuals.

2. Interpretation: We showed that the absence of
obesity, presence of hypertension, and a high Fra-
mingham Risk Score were associated with an in-
crease in cerebrospinal fluid tau values, whereas
risk factors were not associated with amyloid pathol-
ogy. Depression was associated with better cogni-
tion, whereas high Framingham Risk Score was
associated with lower cognitive scores and a faster
decline.

3. Future directions: Our results demonstrate that
vascular risk factors, in particular hypertension,
may enhance neurodegeneration in preclinical AD.
Future studies should disentangle how AD preven-
tion strategies could benefit from treatment of these
risk factors as the optimal time window and intensity
for treatment are currently uncertain.
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