
ARTICLE

Association of midlife vascular risk and AD
biomarkers with subsequent cognitive decline
Corinne Pettigrew, PhD, Anja Soldan, PhD, Jiangxia Wang, MS, MA, Mei-ChengWang, PhD, Karissa Arthur, MD,

Abhay Moghekar, MBBS, Rebecca F. Gottesman, MD, PhD, and Marilyn Albert, PhD

Neurology® 2020;95:e3093-e3103. doi:10.1212/WNL.0000000000010946

Correspondence

Dr. Pettigrew

cpettigrew@jhmi.edu

Abstract
Objective
To determine whether vascular risk and Alzheimer disease (AD) biomarkers have independent
or synergistic effects on cognitive decline and whether vascular risk is associated with the
accumulation of AD pathology as measured by change in biomarkers over time.

Methods
At baseline, participants (n = 168) were cognitively normal and primarily middle-aged (mean
56.4 years, SD 10.9 years) and had both vascular risk factor status and proximal CSF biomarkers
available. Baseline vascular risk was quantified with a composite vascular risk score reflecting the
presence or absence of hypertension, hypercholesterolemia, diabetes, current smoking, and
obesity. CSF biomarkers of β-amyloid (Aβ)1–42, total tau (t-tau), and phosphorylated tau
(p-tau) were used to create dichotomous high and low AD biomarker groups (based on Aβ1–42
and tau). Linear mixed-effects models were used to examine change in a cognitive composite
score (mean follow-up 13.9 years) and change in CSF biomarkers (mean follow-up 4.2 years).

Results
There was no evidence of a synergistic relationship between the vascular risk score and CSF AD
biomarkers and cognitive decline. Instead, the vascular risk score (estimate −0.022, 95%
confidence interval [CI] −0.043 to −0.002, p = 0.03) and AD biomarkers (estimate −0.060, 95%
CI −0.096 to −0.024, p = 0.001) were independently and additively associated with cognitive
decline. In addition, the vascular risk score was unrelated to levels of or rate of change in CSF
Aβ1–42, t-tau, or p-tau.

Conclusions
The results of this observational cohort study suggest that vascular risk and biomarkers of AD
pathology, when measured in midlife, act along independent pathways and underscore the
importance of accounting for multiple risk factors for identifying cognitively normal individuals
at the greatest risk of cognitive decline.
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When measured in midlife, vascular risk factors (e.g., hyperten-
sion, diabetes)1–4 and biomarkers of amyloid and tau pathology5,6

are each associated with cognitive decline and increased risk of
developing clinical symptoms of dementia. However, few studies
have examined whether these measures independently or syner-
gistically affect cognitive decline withmixed results.7–9 In addition,
the extent towhich vascular risk factors affect cognitive trajectories
of cognitively normal individuals in the presence of both amyloid
and tau pathology remains to be determined.

It is also unclear whether vascular risk factors accelerate Alz-
heimer disease (AD) pathology. While some studies among
cognitively normal participants and those without dementia have
found more abnormal AD biomarker levels among individuals
with higher vascular risk, findings have been inconsistent.10–19 In
addition, longitudinal studies have failed to find relationships
between vascular risk and changes in amyloid.20–22 Moreover,
little is known about the impact of vascular risks on changes in
tau.22 This question is particularly important given the accu-
mulating evidence that amyloid is necessary but not sufficient to
cause cognitive decline and dementia.23

This study examined (1) whether midlife vascular risk and CSF
amyloid and tau biomarkers, measured among cognitively
normal, primarily middle-aged individuals, independently or
synergistically affect long-term cognitive trajectories and (2)
whether vascular risk is associated with change in CSF bio-
markers. The focus on primarily middle-aged participants is
particularly important because AD pathology begins to develop
in midlife24,25 and midlife (vs late-life) vascular risk factors may
be differentially related to dementia risk.26

Methods
Standard protocol approvals, registrations,
and patient consents
All participants provided written informed consent. This
study was approved by the Johns Hopkins University (JHU)
Institutional Review Board.

Study design and participant selection
Data for these analyses were derived from the Biomarkers for
Older Controls at Risk for Dementia (BIOCARD) study, an
ongoing longitudinal study designed to identify variables among
cognitively normal individuals that predict subsequent de-
velopment of mild to moderate symptoms of AD. As described
previously,27 the study was initiated in 1995 at the NIH, with
recruitment conducted between 1995 and 2005 by the staff of
the Geriatric Psychiatry Branch of the intramural program of the

National Institute of Mental Health. Participants were recruited
through various sources, including printed materials, in-
formational lectures, and word of mouth. Approximately 75% of
the cohort had a first-degree relative with dementia of the Alz-
heimer type by design. At enrollment, participants completed a
comprehensive evaluation consisting of a physical and neuro-
logic examination, neuropsychological testing, an ECG, and
standard laboratory studies. Individuals with cognitive impair-
ment (as determined by the cognitive testing or evidence of
clinical symptoms based on reports by the participant and col-
lateral sources) or with significant medical problems (e.g., car-
diovascular disease), severe cerebrovascular disease (CVD),
chronic psychiatric or neurologic disorders, or alcohol or drug
abuse were excluded from participation.

A total of 349 primarily middle-aged (mean 57.3 years, SD
10.4 years) individuals were enrolled in the study. While the
study was at the NIH, participants were administered a
comprehensive neuropsychological battery and clinical as-
sessments annually; blood, CSF, and MRI scans were
obtained biennially. The study was stopped in 2005 and re-
established in 2009 by a research team from JHU, at which
point annual clinical and cognitive assessments and collection
of blood specimens were reinitiated. Collection of CSF and
MRI scans was reinitiated in 2015.

The analyses presented here included 168 participants who
had both baseline vascular risk scores and CSF collected in the
same time frame (i.e., CSF within 14 months of the baseline
vascular risk score; mean time between baseline vascular risk
score and matched CSF data −0.02 years, SD 0.17 years).
Participants were excluded from analyses for the following
reasons: (1) participants have not yet re-enrolled or had not
given permission to use their previously acquired data (n =
28); (2) participants’ estimated age at onset of clinical
symptoms of mild cognitive impairment (MCI) was de-
termined to be at or before their baseline vascular risk score (n
= 14); (3) baseline vascular risk scores were missing (n = 70);
and (4) no CSF draw was done within 14 months of baseline
vascular risk score (n = 69). Table 1 shows the characteristics
of participants excluded from the analyses due to incomplete
data (i.e., missing vascular risk scores or no matching CSF
measures) relative to the whole BIOCARD cohort and those
included in the analyses.

Clinical assessment
The clinical assessments in the BIOCARD study have been
completed annually, first at the NIH and subsequently at
JHU.27 Clinical assessments include a physical and neurologic

Glossary
Aβ = β-amyloid; AD = Alzheimer disease; BIOCARD = Biomarkers for Older Controls at Risk for Dementia; CDR = Clinical
Dementia Rating; CI = confidence interval; CVD = cerebrovascular disease; JHU = Johns Hopkins University; MCI = mild
cognitive impairment; p-tau = phosphorylated tau; t-tau = total tau.
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examination, record of medication use, behavioral and mood
assessments, family history of dementia, history of symptom
onset, neuropsychological testing, and a Clinical Dementia
Rating28 (CDR) based on a semistructured interview.

All consensus diagnoses used in study analyses are based on
procedures implemented by the staff of the JHU BIOCARD
Clinical Core, with diagnoses completed prospectively for all
JHU visits and retrospectively for all NIH visits. All cases are
handled in a manner comparable with those used in the Na-
tional Institute on Aging Alzheimer’s Disease Centers pro-
gram. First, a syndromic diagnosis is established (e.g., normal,
MCI, dementia) from 3 sources of information: (1) clinical
data pertaining to the medical, neurologic, and psychiatric
status of the individual; (2) reports of changes in cognition by
the individual and by collateral sources based on a semi-
structured interview (the CDR); and (3) decline in cognitive
performance based on review of longitudinal testing from
multiple domains (and comparison to published norms).
Second, if a participant is deemed to be impaired, a decision is
made about the likely etiology of the syndrome on the basis of
the medical, neurologic, and psychiatric information collected
at each visit, as well as medical records obtained from the
participant when necessary. More than 1 etiology can be en-
dorsed for each participant (e.g., AD and vascular disease;
Parkinson disease and depression).

This consensus diagnosis procedure follows the diagnostic
recommendations incorporated in the National Institute on
Aging/Alzheimer’s Association working group reports for the
diagnosis of MCI29 and dementia due to AD.30 A diagnosis of
impaired not MCI is also used, reflecting this incorporation in

the AD Centers Program diagnostic procedures. Within the
context of this study, this diagnosis typically reflects con-
trasting information from the CDR interview and the cogni-
tive test scores (i.e., the participant or collateral source
expressed concerns about cognitive changes in daily life but
the cognitive testing did not show changes or vice versa).
Diagnoses (and determination of likely etiology) are made
without knowledge of biomarker measures.

Cognitive assessment
The annual cognitive assessment consisted of a compre-
hensive battery of neuropsychological tests. Four tests from
this battery were used to create a composite score to examine
longitudinal cognitive trajectories using previously pub-
lished procedures.6 This a priori–derived cognitive com-
posite score included 4 measures previously identified to be
the best combination of cognitive predictors of time to
progress from normal cognition to clinical symptom onset in
this cohort.27 These measures included Paired Associates
immediate recall (Wechsler Memory Scale–Revised), Logi-
cal Memory delayed recall score (Story A; Wechsler Mem-
ory Scale–Revised), Boston Naming, and Digit-Symbol
Substitution (Wechsler Adult Intelligence Scale–Revised).
The cognitive composite score was calculated by trans-
forming the individual measures to z scores and then aver-
aging them. Thus, the standardized score has a mean of 0 at
baseline. To maximize the amount of data available for
modeling, at least 2 of the 4 scores were required to be
present at a given time point (78% of the longitudinal
composites were calculated with all 4 test scores). Cognitive
test scores before an individual’s baseline vascular risk score
(described below) were excluded from analysis.

Table 1 Participant characteristics at first BIOCARD visit

Cohort as a whole Included in analyses
Excluded from analyses due to
incomplete data

No. 349 168 139

Age, mean (SD) [range], y 57.3 (10.4) [20–86] 56.3 (10.7) [22–86] 57.5 (13.8) [20–82]

Female sex, n (%) 201 (57.6) 100 (59.5) 82 (59.0)

White race/ethnicity, n (%) 339 (97.1) 162 (96.4) 136 (97.8)

Education, mean (SD) [range], y 17.0 (2.4) [12–20] 17.4 (2.2) [12–20] 16.6 (2.5) [12–20]a

APOE «4 carrier, n (%) 117/348 (33.6) 50 (29.8) 53 (38.1)

MMSE score, mean (SD) 29.5 (0.9) 29.6 (0.7) 29.5 (1.0)

Paired Associates immediate recall score, mean (SD) 20.2 (3.4) 20.8 (2.8) 20.1 (3.3)a

Logical Memory delayed recall score, mean (SD) 12.3 (4.0) 13.1 (3.9) 11.9 (4.1)a

Boston Naming Test score, mean (SD), % correct 96.0 (5.3) 96.5 (5.5) 95.5 (5.3)

Digit-Symbol Substitution score, mean (SD) 52.2 (11.7) 53.3 (11.5) 51.9 (12.3)

Abbreviations: BIOCARD = Biomarkers for Older Controls at Risk for Dementia; MMSE = Mini-Mental State Examination.
a p ≤ 0.05 assessing group difference between participants included vs excluded from the analyses using t tests or χ2 tests.
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Composite vascular risk score
Vascular risk factors were established by medical records or
self-report during a medical history interview. A composite

vascular risk score was calculated with a previously published
algorithm,11 which sums 5 dichotomous vascular risk factors
(each coded as 0 = absent vs 1 = recent/remote): hyperten-
sion, hypercholesterolemia, diabetes, current smoking
(i.e., within the last 30 days), and obesity based on body mass
index >30 kg/m2. For the majority of participants, vascular
risk scores were calculated at their first study visit; for the
remaining participants, the first available vascular risk data
were used (mean time between baseline vascular risk score
and first study visit 0.08 years, SD 0.70 years, range −0.97 to
5.98 years). For the purposes of this study, baseline is there-
fore defined as first available vascular risk score. Because very
few individuals had ≥3 risk factors, composite vascular risk
scores were coded dichotomously (0 vs ≥1).

CSF AD biomarkers
Lumbar punctures were conducted after an overnight fast. A
maximum of 30 mL CSF was drawn with a 20- or 22-gauge
needle (1995–2000) or 25-gauge Whiteacre-point needle
(starting in 2000) and divided into aliquots in polypropylene
cryotubes, which were kept on dry ice (≈0.5 mL CSF per
tube). Immediately after the collection, the cryotubes were
transferred to a −80°C freezer for long-term storage. These
samples were thawed for the first time after collection to run
the assays described below.

The CSF assays used the xMAP-based AlzBio3 kit (Innoge-
netics, Ghent, Belgium) run on the Bioplex 200 system. The
AlzBio3 kit contains monoclonal antibodies specific for
β-amyloid (Aβ)1–42 (4D7A3), total tau (t-tau; AT120), and
phosphorylated tau (p-tau181p; AT270), each chemically
bonded to unique sets of color-coded beads, and analyte-
specific detector antibodies (HT7, 3D6). Samples (run in
triplicate) were analyzed on the same plate. Calibration
curves, coefficients of variation, and comparison to published
norms have been published previously.5,31

CSF measures were analyzed in 2 ways. (1) To examine the
combined impact of the composite vascular risk score and
biomarkers of both amyloid and tau pathology on cognitive
trajectories, we used a previously published approach to create
a dichotomous AD biomarker indicator variable that reflects
the presence of both low Aβ1–42 and high t-tau (or low Aβ1–42
and high p-tau) at baseline on the basis of tertiles.6 Using all
available baseline CSF, AD biomarker group status was coded
as 1 if Aβ1–42 was in the lower one-third of the distribution and
t-tau (or p-tau) was in the upper one-third of the distribution,
reflecting the high AD biomarker group, or otherwise coded
as 0 (low AD biomarker group). (This is conceptually similar
to the stage 2 hypothetical preclinical AD group defined by
significant alterations in biomarkers for both amyloid and tau,
which has been proposed as 1 of 3 stages for categorizing
cognitively normal individuals along a continuum of pre-
clinical AD.32) Although the present study did not use clini-
cally derived cut points for determining biomarker
abnormality, in prior publications, we have found that the
relationship between these biomarker groupings and

Table 2 Participant characteristics at baseline

Variable
Participants in
analyses

No. 168

Age, mean (SD), y 56.4 (10.9)

Female sex, n (%) 100 (59.5)

White race/ethnicity, n (%) 162 (96.4)

Education, mean (SD), y 17.4 (2.2)

APOE «4 carrier, n (%) 50 (29.8)

MMSE score, mean (SD) 29.6 (0.7)

Paired associates immediate recall score, mean (SD) 20.8 (2.7) (n = 158)

Logical memory delayed recall score, mean (SD) 13.1 (3.9) (n = 161)

Boston naming score, mean % correct (SD) 96.4 (5.7)

Digit-symbol substitution score, mean (SD) 53.2 (11.6) (n = 158)

Standardized cognitive composite score, mean (SD) 0.0 (0.7)

Cognitive follow-up, mean (SD) [range], y 13.9 (3.9) [0.9–20.9]

Cognitive measures over time, mean (SD) [range], n 9.0 (3.6) [2–18]

Progress to MCI or dementia over follow-up, n (%) 39 (23.2)

Composite vascular risk score, mean (SD) [range] 0.5 (0.7) [0–3]

Composite vascular risk score ≥1, n (%) 66 (39.3)

Hypertension, n (%) 16 (9.5)

Hypercholesterolemia, n (%) 21 (12.5)

Diabetes, n (%) 2 (1.2)

Current smoking, n (%) 10 (6.0)

Body mass index >30 kg/m2, n (%) 36 (21.4)

AD biomarker indicator, low Aβ1–42 and high t-tau, n
(%)

19 (11.3)

AD biomarker indicator, low Aβ1–42 and high p-tau, n
(%)

20 (11.9)

CSF Aβ1–42, pg/mL 405.1 (95.4)

CSF t-tau, pg/mL 67.1 (28.9)

CSF p-tau, pg/mL 34.8 (14.8)

CSF measures over time, n 2.6 (1.5) [1–7]

Participants with ≥2 CSF measures over time, n (%) 111 (66.1)

Participants with ≥3 CSF measures over time, n (%) 73 (43.5)

CSF measures over time for participants with ≥2 CSF
measures, n

3.4 (1.3)

Time between first and last CSF measures for
participants with ≥2 CSF measures, y

4.2 (2.5) [0.2–10.0]

Abbreviations: Aβ = β-amyloid; AD = Alzheimer disease; MCI =mild cognitive
impairment; MMSE = Mini-Mental State Examination; p-tau = phosphory-
lated tau; t-tau = total tau.

e3096 Neurology | Volume 95, Number 23 | December 8, 2020 Neurology.org/N

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


longitudinal cognitive outcomes is fairly robust to variations
in cut points (e.g., using quintiles).6 Note that the primary
goal of these groupings was to dichotomize the variables as
high vs low AD biomarker groups for statistical purposes, as
opposed to using clinically defined cut points (e.g., normal vs
abnormal). The impact of the composite vascular risk score
and CSF biomarkers on cognitive trajectories was also eval-
uated with continuous CSF biomarker measures (as opposed
to the AD biomarker indicator), as described in the sensitivity
analyses below. (2) To examine the relationship between the
composite vascular risk score and change in CSF biomarkers
over time, CSF Aβ1–42, t-tau, and p-tau values were modeled
as continuous variables with the use of CSF acquired at the
NIH (CSF acquired at JHU was not included because bio-
marker harmonization is still ongoing).

APOE genotype
APOE genotypes were determined by restriction endonucle-
ase digestion of PCR-amplified genomic DNA (performed by
Athena Diagnostics, Worcester, MA). Genotypes were coded
dichotomously (APOE e4 carriers = 1, noncarriers = 0).

Statistical Analyses
The data were analyzed with longitudinal linear mixed-effects
models that included random intercepts and slopes with un-
structured covariance.33 Baseline age and education were
centered using baseline means, and time (from baseline) was
modeled in the unit of years. All other continuous variables
(including dependent variables) were standardized as z scores
before model fitting.

The first set of models examined the combined impact of the
baseline composite vascular risk score and baseline CSF AD bio-
marker indicators (low vs high) on longitudinal change in cogni-
tion. Separate models were run with the AD biomarker indicator
defined by Aβ1–42 and t-tau and by Aβ1–42 and p-tau. The model
predictors included time, as well as baseline age, sex, APOE e4
genotype, education (years), vascular risk score, AD biomarker
indicator, their interaction (cross-product) with time, vascular risk
score × AD biomarker indicator interaction, and vascular risk score
× AD biomarker indicator × time interaction. The 3-way interac-
tions examined the possible synergism between baseline vascular
risk and AD biomarkers on cognitive trajectories. If this term was
not significant, we ran reducedmodels that excluded this term(and
the vascular risk score × AD biomarker indicator term) to examine
the independent associations between vascular risk and AD bio-
markers with the rate of change in cognition (as indicated by the
composite vascular risk score × time andADbiomarker indicator ×
time interaction term, respectively). In sensitivity analyses, these
models were rerun using continuous measures of Aβ1–42, t-tau,
p-tau, and the ratios of t-tau/Aβ1–42 and p-tau/Aβ1–42 (as opposed
to the AD biomarker indicators).

The second set of linear mixed-effects models tested the re-
lationship between the composite vascular risk score and lon-
gitudinal change in CSF AD biomarkers. Separate models were
run with Aβ1–42, t-tau, and p-tau as outcome variables. The
model predictors included time, as well as baseline age, sex,
APOE e4 genotype, vascular risk score, and their interactions
with time. In sensitivity analyses, thesemodels were rerun using
the log-transformed ratios of t-tau/Aβ1–42 or p-tau/Aβ1–42 (to

Table 3 Results of linear mixed-effects models with cognitive performance as the outcome

Model predictor

High AD biomarker indicator based on low
Aβ1–42 and high t-tau

High AD biomarker indicator based on low
Aβ1–42 and high p-tau

Estimate (95% CI) p Value Estimate (95% CI) p Value

Time 0.016 (−0.003 to 0.034) 0.09 0.015 (−0.003 to 0.033) 0.10

Age −0.026 (−0.039 to −0.012) <0.001 −0.025 (−0.038 to −0.011) <0.001

Age × time −0.003 (−0.004 to −0.002) <0.001 −0.003 (−0.004 to −0.002) <0.001

Sex (F) 0.290 (0.016 to 0.565) 0.04 0.314 (0.039 to 0.589) 0.04

Sex (F) × time 0.012 (−0.008 to 0.033) 0.24 0.013 (−0.007 to 0.034) 0.20

APOE «4 −0.068 (−0.357 to 0.222) 0.65 −0.067 (−0.356 to 0.222) 0.65

APOE «4 × time −0.002 (−0.023 to 0.020) 0.89 −0.002 (−0.023 to 0.019) 0.86

Years of education 0.054 (−0.007 to 0.115) 0.08 0.053 (−0.008 to 0.113) 0.09

Years of education × time 0.002 (−0.002 to 0.007) 0.34 0.002 (−0.003 to 0.006) 0.45

Composite vascular risk score (dichotomous) −0.154 (−0.425 to 0.117) 0.27 −0.155 (−0.425 to 0.116) 0.26

Composite vascular risk score (dichotomous) × time −0.022 (−0.043 to −0.002) 0.03 −0.023 (−0.043 to −0.003) 0.03

AD biomarker indicator (dichotomous) −0.288 (−0.728 to 0.152) 0.20 −0.363 (−0.792 to 0.066) 0.10

AD biomarker indicator (dichotomous) × time −0.060 (−0.096 to −0.024) 0.001 −0.057 (−0.092 to −0.023) 0.001

Abbreviations: Aβ = β-amyloid; AD = Alzheimer disease; CI = confidence interval; p-tau = phosphorylated tau; t-tau = total tau.
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correct for skewness) as outcome variables to assess the asso-
ciation with combined Aβ1–42 and tau/p-tau. All analyses were
run in Stata/IC (version 15.1; StataCorp, College Station, TX).
Estimates and 95% confidence intervals (CIs) are reported for
final models, and values of p ≤ 0.05 were considered significant.

Data availability
Anonymized data used in the analyses presented in this report are
available on request from qualified investigators (biocard-se.org).

Results
At baseline, participants were primarily middle-aged; the
majority were white and highly educated (table 2).

Vascular risk, AD biomarkers, and change
in cognition
On average, participants had 9.0 occasions of cognitive as-
sessments over time, with 13.9 years of follow-up. Results
examining longitudinal cognitive trajectories as the outcome

were identical whether CSF Aβ1–42 and t-tau or Aβ1–42 and
p-tau were used to define AD biomarker group membership.
There were no significant 3-way vascular risk score × AD
biomarker indicator × time interactions (all p > 0.50, data not
shown), providing no statistical evidence that the association
between the AD biomarker indicator and cognitive trajecto-
ries differed by baseline vascular risk. In the reduced models
(table 3), there were significant effects of age and age × time
(indicating lower cognitive performance and steeper cognitive
decline among older individuals) and sex (indicating higher
cognitive performance among women). Of primary interest,
the vascular risk score and AD biomarker indicator were each
independently associated with steeper cognitive decline
(figure; table 4 provides models stratified by vascular risk).

The patterns of results were similar in sensitivity analyses that
used continuousmeasures of Aβ1–42, t-tau, and p-tau (as opposed
to the AD biomarker indicators; table 5) or the ratios of t-tau/
Aβ1–42 and p-tau/Aβ1–42 (data not shown). For each set of
analyses, therewere no significant 3-way vascular risk score ×CSF

Figure Estimates of longitudinal cognitive change based on the composite vascular risk score (0 vs ≥1) and AD biomarker
group defined by Aβ1-42 and t-tau (low vs high; see text for details)

(A) Adjusted estimates from linear
mixed-effects models predicting
cognitive composite scores (95%
confidence interval [CI]) over time.
(B) Adjusted estimates of annual rate
of change in cognitive composite
scores (95% CI). Predicted marginal
rates of global cognitive changewere
as follows: low vascular risk score
(VRS)/low Alzheimer disease (AD)
biomarker group estimate 0.022
(95% CI 0.010–0.035); high VRS/low
AD biomarker group estimate 0.000
(95% CI −0.016 to 0.016); low VRS/
high AD biomarker group estimate
−0.038 (95%CI −0.073 to −0.002); and
high VRS/high AD biomarker group
estimate −0.060 (95% CI −0.096 to
−0.024). Corresponding rates of
global cognitive change for the CSF
biomarker indicator based on
β-amyloid1-42 and phosphorylated
tau (p-tau) are nearly identical (data
not shown). Estimates are adjusted
for age, sex, education, APOE e4 ge-
notype, and their interactions with
time. t-tau = total tau.
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biomarker × time interactions (all p > 0.16), and the reduced
models showed significant vascular risk score × time and CSF
biomarker × time interactions (with the exception of p-tau × time,
estimate −0.010 [95% CI −0.021 to 0.001], p = 0.076). Patterns
of results were also unchanged in sensitivity analyses that ex-
cluded the APOE e4 and APOE e4 × time covariates (data not
shown). Likewise, similar results were obtainedwhen the vascular
risk score was treated as a continuous variable (data not shown).

Vascular risk and change in AD biomarkers
On average, participants had 2.6 CSF measures over time; 66%
(111 of 168) of participants had ≥2 CSF measures with an av-
erage of 3.4 CSF measures. Results of the models examining the
relationship of the vascular risk score to level of and rate of change
in the CSF biomarkers are shown in table 6. There were main
effects of age, indicatingmore abnormal baselineCSF biomarkers
levels among older participants. For CSF p-tau, there was also a
main effect of time (indicating an increase in p-tau over time). (In
reduced models that excluded nonsignificant interaction terms,
the main effect of time was also significant for Aβ1–42—estimate
−0.035 [95% CI −0.064 to −0.006], p = 0.019—indicating a
decrease in Aβ1–42 over time.) The main effects of the composite
vascular risk score and the vascular risk score × time interactions
were not significant, indicating no relationship between vascular
risk and baseline levels of or rate of change in CSF biomarkers
over time. The patterns of results were the same when the log-
transformed ratio of t-tau/Aβ1–42 or p-tau/Aβ1–42was used as the
dependent variable and when the APOE e4 and APOE e4 × time
covariates were excluded (data not shown).

Discussion
In this longitudinal study of individuals who were cognitively
normal and primarily middle-aged at baseline, the composite

vascular risk score and CSF AD biomarkers were each in-
dependently associated with cognitive decline over 13.9 years
on average. Because there were no significant 3-way interac-
tions, these results suggest that vascular risks and CSF AD
biomarkers have additive effects on cognitive trajectories
whereby the combined effects of these variables are not
greater than the sum of their parts. In addition, the composite
vascular risk score was unrelated to levels of or short-term rate
of change in AD biomarkers (over 4.2 years on average), as
measured by CSF Aβ1–42, t-tau, or p-tau. Taken together,
these results suggest that vascular risk and AD biomarkers,
when measured in midlife, appear to act in an independent
and additive manner rather than synergistically.

The results of this study suggest that vascular risk, measured
among primarily middle-aged cognitively normal individuals,
affects longitudinal cognitive trajectories independently from
the combined effects of biomarkers of amyloid and tau pa-
thology. This is important given that cognitively normal in-
dividuals with biomarker evidence of both amyloid and tau
pathology/neurodegeneration (sometimes referred to as hy-
pothetical stage 232) are at the greatest risk for cognitive de-
cline compared to those with only 1 or no abnormal AD
biomarkers.6,34,35 Similar to a prior study that measured AD
pathology with amyloid imaging among cognitively normal
individuals in their 70s,9 we found that vascular risk and CSF
measures of AD pathology are each associated with cognitive
decline. However, unlike that prior study, we found that these
effects were not synergistic but additive. There are several
possible reasons for these differences, including differences in
baseline age (56.4 vs 73.7 years), duration of follow-up (13.9
vs 3.7 years), level of vascular risk, and method of AD bio-
marker measurement (CSF amyloid and tau vs amyloid PET).
Nonetheless, together, these studies emphasize that even low
levels of vascular risk affect the cognitive trajectories of

Table 4 Relationship of AD biomarker groups to cognitive trajectories based on level of vascular risk

Model predictor

High AD biomarker indicator based on low
Aβ1–42 and high t-tau

High AD biomarker indicator based on low
Aβ1–42 and high p-tau

Estimate (95% CI) p Value Estimate (95% CI) p Value

Vascular risk score 0

Time 0.017 (−0.004 to 0.035) 0.06 0.017 (−0.001 to 0.035) 0.06

AD biomarker indicator (dichotomous) −0.513 (−1.08 to 0.052) 0.08 −0.579 (−1.13 to −0.032) 0.04

AD biomarker indicator (dichotomous) × time −0.045 (−0.091 to 0.002) 0.06 −0.046 (−0.089 to −0.004) 0.03

Vascular risk score ≥1

Time −0.016 (−0.047 to 0.016) 0.34 −0.016 (−0.047 to 0.016) 0.34

AD biomarker indicator (dichotomous) −0.037 (−0.723 to 0.648) 0.92 −0.037 (−0.723 to 0.648) 0.92

AD biomarker indicator (dichotomous) × time −0.079 (−0.136 to −0.021) 0.008 −0.079 (−0.136 to −0.021) 0.008

Abbreviations: Aβ = β-amyloid; AD = Alzheimer disease; CI = confidence interval; p-tau = phosphorylated tau; t-tau = total tau.
Mixed-effects models examined the relationship of the AD biomarker groups to cognitive trajectories, stratified by individuals with vascular risk score 0 and
vascular risk score ≥1. The models were fit as described in the Statistical Analyses section except that the vascular risk score terms were excluded to directly
examine the relationship of the AD biomarker groups and the outcomes of interest by level of vascular risk.
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cognitively normal individuals, after accounting for levels of
AD biomarkers.

Notably, our results are also consistent with prior studies
among cognitively normal individuals that have found that
biomarkers of AD and CVD (e.g., infarcts, white matter
hyperintensities) have independent effects on longitudinal
cognitive outcomes36–38 and with neuropathologic studies
suggesting that cerebrovascular and AD pathologies have
additive effects on the threshold for dementia.39,40

Providing additional support for the independence of vascular
risk and biomarkers of AD pathology, we found no evidence
that vascular risk promoted the short-term accumulation of
amyloid or tau pathology as measured by CSF biomarkers.
Similar findings have been reported in other studies examin-
ing short-term rates of change in biomarkers of amyloid
pathology.20–22 Consistent with the present results, a recent
study reported that midlife atherosclerosis, measured among
cognitively normal individuals, was associated with cerebral

small vessel disease measured ≈20 years later but not with
CSF biomarkers of AD pathology.41 However, other studies
have reported associations between midlife vascular risk and
amyloid abnormality ≈20 years later.11,15 Prior studies ex-
amining cardiovascular risk in relationship to short-term
change in biomarkers of tau pathology among individuals who
were cognitively normal at baseline are limited. Contrary to
our results, Bos et al.22 found that higher vascular risk, par-
ticularly hypertension, was associated with an increase in CSF
t-tau and p-tau over a mean of follow-up of 2.1 years (mean
baseline age 68 years), with the strongest effects in the small
subset of individuals classified as amyloid and tau positive at
baseline (n = 23 with mean 1.7 years of follow-up). The
authors interpreted these associations as reflecting
hypertension-related changes in neurodegeneration, raising
the possibility that relationships may differ for individual
vascular risk factors vs composite vascular risk scores. Al-
though it is unclear why findings differ across studies with
respect to CSF t-tau and p-tau, the reason might be related to
differences in study design (i.e., use of a composite vascular

Table 5 Results of linear mixed-effects models with cognitive performance as the outcome and individual CSF
biomarkers as predictors

Model predictor

CSF Aβ1–42 CSF t-tau CSF p-tau

Estimate (95% CI)
p
Value Estimate (95% CI)

p
Value Estimate (95% CI)

p
Value

Time 0.011 (−0.008 to
0.029)

0.25 0.010 (−0.008 to
0.028)

0.29 0.009 (−0.010 to
0.028)

0.35

Age −0.025 (−0.038 to
−0.013)

<0.001 −0.030 (−0.044 to
−0.017)

<0.001 −0.026 (−0.039 to
−0.014)

<0.001

Age × time −0.003 (−0.004 to
−0.002)

<0.001 −0.003 (−0.004 to
−0.002)

<0.001 −0.003 (−0.004 to
−0.002)

<0.001

Sex (F) 0.279 (0.006 to
0.551)

0.045 0.283 (0.007 to
0.558)

0.04 0.324 (0.049 to
0.599)

0.02

Sex (F) × time 0.010 (−0.011 to
0.030)

0.36 0.012 (−0.008 to
0.033)

0.24 0.013 (−0.009 to
0.034)

0.24

APOE «4 −0.057 (−0.345 to
0.231)

0.70 −0.089 (−0.379 to
0.201)

0.55 −0.059 (−0.347 to
0.230)

0.69

APOE «4 × time −0.002 (−0.024 to
0.019)

0.83 −0.002 (−0.023 to
0.020)

0.87 −0.003 (−0.025 to
0.019)

0.81

Years of education 0.050 (−0.010 to
0.111)

0.10 0.055 (−0.006 to
0.116)

0.08 0.054 (−0.007 to
0.115)

0.08

Years of education × time 0.002 (−0.003 to
0.006)

0.49 0.002 (−0.003 to
0.006)

0.44 0.002 (−0.003 to
0.006)

0.43

Composite vascular risk score (dichotomous) −0.162 (−0.432 to
0.107)

0.24 −0.143 (−0.415 to
0.129)

0.30 −0.168 (−0.438 to
0.103)

0.22

Composite vascular risk score (dichotomous) ×
time

−0.024 (−0.044 to
−0.003)

0.02 −0.025 (−0.045 to
−0.005)

0.02 −0.024 (−0.045 to
−0.003)

0.02

CSF biomarker 0.142 (0.008 to
0.276)

0.038 0.057 (−0.090 to
0.203)

0.45 −0.133 (−0.269 to
0.004)

0.06

CSF biomarker × time 0.010 (0.000 to
0.021)

0.050 −0.016 (−0.027 to
−0.004)

0.006 −0.010 (−0.021 to
0.001)

0.076

Abbreviations: Aβ = β-amyloid; CI = confidence interval; p-tau = phosphorylated tau; t-tau = total tau.
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risk score vs individual risk factors), baseline age among
participants, and levels of cardiovascular risk. Because AD
pathology accumulates over years to decades, it will be im-
portant to examine the association between midlife vascular
risk and longitudinal rates of change of AD pathology over
longer periods of follow-up using both composite vascular risk
scores and individual vascular risk factors.

In addition, several neuropathologic studies have found no
relationship between vascular risk and levels of AD pathology
at autopsy,42–44 although this is not universally true.45,46

Notably, it has been suggested that vascular risk factors, when
measured among population-based, prospective studies, are
not associated with the subsequent degree of AD pathology at
autopsy but instead appear to affect cognitive outcomes
through concomitant CVD and vascular brain injury.47

As reviewed elsewhere, there are a number of ways by which AD
pathology andmeasures related to vascular risk may combine on
a pathophysiologic level to exert additive effects on cognitive
outcomes, which may include downstream effects on neuronal
function, cerebral perfusion, and cortical atrophy.48,49 More
work is needed to better understand the independent and shared
mechanisms by which these risk factors affect cognitive trajec-
tories and the time course of these processes. Nonetheless, tar-
geting modifiable midlife vascular risk factors to lower the
burden of CVD may be a promising avenue for interventions
designed to reduce late-life cognitive decline and dementia risk.

In line with prior work in this cohort,6 the model indicators
reflecting AD biomarker status had a significant relationship

with longitudinal cognitive decline. More abnormal levels of
amyloid and tau were associated with a marked decline in
cognition, regardless of whether the AD biomarker indicator
was defined using CSF Aβ1–42 and t-tau or Aβ1–42 and p-tau.
Although p-tau levels are thought to be more directly related
to the neurofibrillary tau tangle pathology found in AD and
levels of t-tau are thought to reflect more general
neurodegeneration/neuronal injury (i.e., due to both AD and
non-AD causes such as CVD), they tend to be strongly cor-
related among individuals with limited coexisting patholo-
gies.50 In this study, there was a strong correlation between
these measures [r(166) = 0.67, p < 0.001] and therefore high
concordance in the 2 AD biomarker groups. We hypothesize
that this is because much of this cohort’s elevation in t-tau is
due to AD-related processes given the cohort’s relatively
young age, strong family history of AD, and proportion of
APOE e4 carriers.

This study has a number of strengths. For example, the co-
hort’s characteristics allowed us to examine associations be-
tween vascular risk and AD biomarkers in a younger cohort
with longer follow-up and a more comprehensive set of AD
biomarkers than has been done previously. The current study
also has limitations. First, BIOCARD participants are highly
educated and primarily white and have a strong family history
of AD dementia, which limits the generalizability of these
findings to the population at large. Second, participants had
very low levels of vascular risk, and the individual vascular risk
factors were dichotomized and determined during the medi-
cal history interview rather than objective measurements or
medication use. This limits the generalizability of these

Table 6 Results of linear mixed-effects models with CSF biomarkers as the outcome

Model predictor

CSF Aβ1–42 CSF t-tau CSF p-tau

Estimate (95% CI)
p
Value Estimate (95% CI) pValue Estimate (95% CI)

p
Value

Time −0.024 (−0.074 to 0.026) 0.35 −0.007 (−0.034 to
0.020)

0.61 0.071 (0.004 to 0.138) 0.04

Age −0.020 (−0.033 to
−0.006)

0.004 0.029 (0.016 to 0.041) <0.001 0.014 (0.001 to 0.028) 0.037

Age × time −0.001 (−0.005 to 0.002) 0.55 0.001 (−0.001 to 0.003) 0.38 −0.003 (−0.007 to
0.001)

0.17

Sex (F) 0.055 (−0.237 to 0.348) 0.71 0.114 (−0.161 to 0.389) 0.42 0.222 (−0.072 to 0.516) 0.14

Sex (F) × time −0.027 (−0.084 to 0.031) 0.36 0.016 (−0.016 to 0.048) 0.32 0.033 (−0.043 to 0.110) 0.40

APOE «4 −0.123 (−0.437 to 0.192) 0.45 0.075 (−0.221 to 0.371) 0.62 0.156 (−0.160 to 0.473) 0.33

APOE «4 × time −0.016 (−0.077 to 0.046) 0.62 −0.013 (−0.047 to
0.021)

0.46 −0.019 (−0.101 to
0.062)

0.65

Composite vascular risk score 0.040 (−0.255 to 0.335) 0.79 −0.080 (−0.357 to
0.197)

0.57 −0.059 (−0.355 to
0.238)

0.70

Composite vascular risk score ×
time

0.027 (−0.034 to 0.080) 0.39 −0.017 (−0.052 to
0.017)

0.33 −0.010 (−0.090 to
0.070)

0.80

Abbreviations: Aβ = β-amyloid; CI = confidence interval; p-tau = phosphorylated tau; t-tau = total tau.
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findings, andwe cannot rule out the possibility that vascular risk
was underestimated or that the results would have been dif-
ferent with the use of objectively determined vascular risk
scores, with the use of continuous measures of vascular risk, or
in a sample with greater variability in vascular risk or clinical
evidence of CVD. Third, the sample size was limited, and we
therefore may have been underpowered to detect a 3-way in-
teraction between vascular risk and CSF biomarkers on cog-
nitive trajectories. Fourth, although participants were largely
middle-aged at baseline (i.e., 83% were 40–69 years of age), the
sample included a large age range (22–86 years). Of note,
sensitivity analyses demonstrated comparable results when the
age range excluded individuals <45 years of age. Lastly, al-
though participants had undergone 13.9 years of cognitive
follow-up, on average, the duration of CSF follow-up was more
limited. Future studies examining the relationship of vascular
risk factors to biomarker trajectories over longer intervals are
critically needed given that the pathologic process underlying
cognitive decline likely occurs over decades.

These results underscore the importance of accounting for
multiple risk factors for identifying cognitively normal indi-
viduals at the greatest risk of cognitive decline and the need
for interventions designed to reduce the burden of midlife
vascular risks.

Acknowledgment
The authors acknowledge the contributions of the Geriatric
Psychiatry Branch of the intramural program of National
Institute of Mental Health who initiated the study (principal
investigator, Dr. Trey Sunderland). The authors are partic-
ularly indebted to Dr. Karen Putnam, who has provided
ongoing documentation of the Geriatric Psychiatry Branch
study procedures and the data files received from National
Institute of Mental Health.

Study funding
This work was supported by the NIH (grants U19-
AG033655, P50-AG005146). The BIOCARD Study
consists of 7 cores with the following members: (1) the Ad-
ministrative Core (Marilyn Albert, Rostislav Brichko); (2) the
Clinical Core (Marilyn Albert, A. Soldan, C. Pettigrew, R.F.
Gottesman, Ned Sacktor, Scott Turner, Leonie Farrington,
Jules Gilles, Maura Grega, Gay Rudow, Scott Rudow); (3) the
Imaging Core (Michael Miller, Susumu Mori, Tilak Ratna-
nather, Timothy Brown, Andrea Faria, Anthony Kolasny,
Kenichi Oishi, Laurent Younes); (4) the Biospecimen Core
(A. Moghekar, Jacqueline Darrow, Richard O’Brien); (5) the
Informatics Core (Roberta Scherer, David Shade, Ann Ervin,
Jennifer Jones, Hamadou Coulibaly, Kathy Moser); (6) the
Biostatistics Core (M.-C. Wang, Daisy Zhu, J. Wang); and (7)
the Neuropathology Core (Juan Troncoso, Olga Pletnikova,
Gay Rudow, Karen Fisher). The authors are grateful to the
members of the BIOCARD Scientific Advisory Board who
provide continued oversight and guidance regarding the
conduct of the study, including Drs. John Csernansky, David
Holtzman, David Knopman, Walter Kukull, and Kevin

Grimm, and Drs. John Hsiao and Laurie Ryan, who provide
oversight on behalf of the National Institute on Aging. The
authors thank the members of the BIOCARD Resource Al-
location Committee who provide ongoing guidance regarding
the use of the biospecimens collected as part of the study,
including Drs. Constantine Lyketsos, Carlos Pardo, Gerard
Schellenberg, Leslie Shaw, Madhav Thambisetty, and John
Trojanowski.

Disclosure
C. Pettigrew, A. Soldan, J. Wang, M.-C. Wang, and K. Arthur
report no disclosures relevant to the manuscript. A. Moghekar
has a research grant from Fujirebio Diagnostics. R.F. Got-
tesman is an associate editor for Neurology. M. Albert is an
advisor to Eli Lily. Go to Neurology.org/N for full disclosures.

Publication history
Received by Neurology March 30, 2020. Accepted in final form
July 22, 2020.

References
1. Gottesman RF, Albert MS, Alonso A, et al. Associations between midlife vascular risk

factors and 25-year incident dementia in the Atherosclerosis Risk in Communities
(ARIC) cohort. JAMA Neurol 2017;74:1246–1254.

Appendix Authors

Name Location Contribution

Corinne
Pettigrew,
PhD

Johns Hopkins
University,
Baltimore, MD

Study concept or design;
supervised the analysis of the
data; interpretation of the data;
drafted and revised the
manuscript for content

Anja Soldan,
PhD

Johns Hopkins
University,
Baltimore, MD

Study concept or design;
supervised the analysis of the
data; interpretation of the data;
drafted and revised the
manuscript for content

Jiangxia
Wang, MS, MA

Johns Hopkins
University,
Baltimore, MD

Performed the statistical
analyses; interpretation of the
data; revised the manuscript for
content

Mei-Cheng
Wang, PhD

Johns Hopkins
University,
Baltimore, MD

Supervised the analysis of the
data; interpretation of the data;
revised the manuscript for
content

Karissa
Arthur, MD

Johns Hopkins
University,
Baltimore, MD

Interpretation of the data; revised
the manuscript for content

Abhay
Moghekar,
MBBS

Johns Hopkins
University,
Baltimore, MD

Supervised the analysis of the
CSF; interpretation of the data;
revised the manuscript for
content

Rebecca F.
Gottesman,
MD, PhD

Johns Hopkins
University,
Baltimore, MD

Interpretation of the data; revised
the manuscript for content

Marilyn
Albert, PhD

Johns Hopkins
University,
Baltimore, MD

Study concept or design;
interpretation of the data; drafted
and revised the manuscript for
content; study supervision and
coordination

e3102 Neurology | Volume 95, Number 23 | December 8, 2020 Neurology.org/N

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000010946
http://neurology.org/n


2. Kivipelto M, Helkala EL, Laakso MP, et al. Midlife vascular risk factors and Alz-
heimer’s disease in later life: longitudinal, population based study. BMJ 2001;322:
1447–1451.

3. Meng XF, Yu JT, Wang HF, et al. Midlife vascular risk factors and the risk of
Alzheimer’s disease: a systematic review and meta-analysis. J Alzheimers Dis 2014;42:
1295–1310.

4. Rawlings AM, Sharrett AR, Schneider AL, et al. Diabetes in midlife and cognitive
change over 20 years: a cohort study. Ann Intern Med 2014;161:785–793.

5. Moghekar A, Li S, Lu Y, et al. CSF biomarker changes precede symptom onset of mild
cognitive impairment. Neurology 2013;81:1753–1758.

6. Soldan A, Pettigrew C, Cai Q, et al. Hypothetical preclinical Alzheimer disease groups
and longitudinal cognitive change. JAMA Neurol 2016;73:698–705.

7. Clark LR, Koscik RL, Allison SL, et al. Hypertension and obesity moderate the
relationship between beta-amyloid and cognitive decline in midlife. Alzheimers
Dement 2019;15:418–428.

8. Hohman TJ, Samuels LR, Liu D, et al. Stroke risk interacts with Alzheimer’s disease
biomarkers on brain aging outcomes. Neurobiol Aging 2015;36:2501–2508.

9. Rabin JS, Schultz AP, Hedden T, et al. Interactive associations of vascular risk and
beta-amyloid burden with cognitive decline in clinically normal elderly individuals:
findings from the Harvard Aging Brain Study. JAMA Neurol 2018;75:1124–1131.

10. Enache D, Solomon A, Cavallin L, et al. CAIDE Dementia Risk Score and biomarkers
of neurodegeneration in memory clinic patients without dementia. Neurobiol Aging
2016;42:124–131.

11. Gottesman RF, Schneider AL, Zhou Y, et al. Association between midlife vascular risk
factors and estimated brain amyloid deposition. JAMA 2017;317:1443–1450.

12. Kemppainen N, Johansson J, Teuho J, et al. Brain amyloid load and its associations
with cognition and vascular risk factors in FINGER Study. Neurology 2018;90:
e206–e213.

13. 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;33:827.e11–827.e19.

14. Moran C, Beare R, Phan TG, et al. Type 2 diabetes mellitus and biomarkers of
neurodegeneration. Neurology 2015;85:1123–1130.

15. Nagga K, Gustavsson AM, Stomrud E, et al. Increased midlife triglycerides predict
brain beta-amyloid and tau pathology 20 years later. Neurology 2018;90:e73–e81.

16. Nation DA, Edland SD, Bondi MW, et al. Pulse pressure is associated with Alzheimer
biomarkers in cognitively normal older adults. Neurology 2013;81:2024–2027.

17. Rabin JS, Yang HS, Schultz AP, et al. Vascular risk and beta-amyloid are synergistically
associated with cortical tau. Ann Neurol 2019;85:272–279.

18. Roberts RO, Knopman DS, Cha RH, et al. Diabetes and elevated hemoglobin A1c
levels are associated with brain hypometabolism but not amyloid accumulation. J Nucl
Med 2014;55:759–764.

19. Willette AA, Johnson SC, Birdsill AC, et al. Insulin resistance predicts brain amyloid
deposition in late middle-aged adults. Alzheimers Dement 2015;11:504–510 e501.

20. Lo RY, Jagust WJ; Alzheimer’s Disease Neuroimaging Initiative. Vascular burden and
Alzheimer disease pathologic progression. Neurology 2012;79:1349–1355.

21. Walters MJ, Sterling J, Quinn C, et al. Associations of lifestyle and vascular risk factors
with Alzheimer’s brain biomarker changes during middle age: a 3-year longitudinal
study in the broader New York City area. BMJ Open 2018;8:e023664.

22. Bos I, Vos SJB, Schindler SE, et al. Vascular risk factors are associated with longitu-
dinal changes in cerebrospinal fluid tau markers and cognition in preclinical Alz-
heimer’s disease. Alzheimers Dement 2019;15:1149–1159.

23. Musiek ES, Holtzman DM. Three dimensions of the amyloid hypothesis: time, space
and “wingmen.” Nat Neurosci 2015;18:800–806.

24. PletnikovaO, Kageyama Y, RudowG, et al. The spectrum of preclinical Alzheimer’s disease
pathology and its modulation by ApoE genotype. Neurobiol Aging 2018;71:72–80.

25. Pletnikova O, Rudow GL, Hyde TM, et al. Alzheimer lesions in the Autopsied brains
of people 30 to 50 years of age. Cogn Behav Neurol 2015;28:144–152.

26. Knopman DS, Roberts R. Vascular risk factors: imaging and neuropathologic corre-
lates. J Alzheimers Dis 2010;20:699–709.

27. Albert M, Soldan A, Gottesman R, et al. Cognitive changes preceding clinical
symptom onset of mild cognitive impairment and relationship to ApoE genotype.
Curr Alzheimer Res 2014;11:773–784.

28. Morris JC. The Clinical Dementia Rating (CDR): current version and scoring rules.
Neurology 1993;43:2412–2414.

29. AlbertMS, DeKosky ST, Dickson D, et al. The diagnosis of mild cognitive impairment
due to Alzheimer’s disease: recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement 2011;7:270–279.

30. McKhann GM, Knopman DS, Chertkow H, et al. The diagnosis of dementia due to
Alzheimer’s disease: recommendations from the National Institute on Aging-Alz-
heimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement 2011;7:263–269.

31. Moghekar A, Goh J, Li M, Albert M, O’Brien RJ. Cerebrospinal fluid Abeta and tau
level fluctuation in an older clinical cohort. Arch Neurol 2012;69:246–250.

32. Sperling RA, Aisen PS, Beckett LA, et al. Toward defining the preclinical stages of
Alzheimer’s disease: recommendations from the National Institute on Aging-Alz-
heimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement 2011;7:280–292.

33. Laird NM, Ware JH. Random-effects models for longitudinal data. Biometrics 1982;
38:963–974.

34. Mormino EC, Betensky RA, Hedden T, et al. Synergistic effect of beta-amyloid and
neurodegeneration on cognitive decline in clinically normal individuals. JAMANeurol
2014;71:1379–1385.

35. Vos SJ, Xiong C, Visser PJ, et al. Preclinical Alzheimer’s disease and its outcome: a
longitudinal cohort study. Lancet Neurol 2013;12:957–965.

36. Rosano C, Aizenstein HJ, Wu M, et al. Focal atrophy and cerebrovascular disease
increase dementia risk among cognitively normal older adults. J Neuroimaging 2007;
17:148–155.

37. Vemuri P, Lesnick TG, Przybelski SA, et al. Vascular and amyloid pathologies are
independent predictors of cognitive decline in normal elderly. Brain 2015;138:
761–771.

38. Soldan A, Pettigrew C, Zhu Y, et al. White matter hyperintensities and CSF Alzheimer
disease biomarkers in preclinical Alzheimer disease. Neurology 2020;94:e950–e960.

39. Kapasi A, DeCarli C, Schneider JA. Impact of multiple pathologies on the threshold
for clinically overt dementia. Acta Neuropathol 2017;134:171–186.

40. Troncoso JC, Zonderman AB, Resnick SM, Crain B, Pletnikova O, O’Brien RJ. Effect
of infarcts on dementia in the Baltimore Longitudinal Study of Aging. Ann Neurol
2008;64:168–176.

41. Gustavsson AM, van Westen D, Stomrud E, Engstrom G, Nagga K, Hansson O.
Midlife atherosclerosis and development of Alzheimer or vascular dementia. Ann
Neurol 2020;87:52–62.

42. Ahtiluoto S, Polvikoski T, PeltonenM, et al. Diabetes, Alzheimer disease, and vascular
dementia: a population-based neuropathologic study. Neurology 2010;75:
1195–1202.

43. Arvanitakis Z, Schneider JA, Wilson RS, et al. Diabetes is related to cerebral infarction
but not to AD pathology in older persons. Neurology 2006;67:1960–1965.

44. 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:
1975–1981.

45. Chuang YF, An Y, Bilgel M, et al. Midlife adiposity predicts earlier onset of Alz-
heimer’s dementia, neuropathology and presymptomatic cerebral amyloid accumu-
lation. Mol Psychiatry 2016;21:910–915.

46. Petrovitch H, White LR, Izmirilian G, et al. Midlife blood pressure and neuritic
plaques, neurofibrillary tangles, and brain weight at death: the HAAS: Honolulu-Asia
Aging Study. Neurobiol Aging 2000;21:57–62.

47. Chui HC, Zheng L, Reed BR, Vinters HV, Mack WJ. Vascular risk factors and
Alzheimer’s disease: are these risk factors for plaques and tangles or for concomitant
vascular pathology that increases the likelihood of dementia? An evidence-based
review. Alzheimers Res Ther 2012;4:1.

48. Attems J, Jellinger KA. The overlap between vascular disease and Alzheimer’s disease:
lessons from pathology. BMC Med 2014;12:206.

49. Iadecola C. The overlap between neurodegenerative and vascular factors in the
pathogenesis of dementia. Acta Neuropathol 2010;120:287–296.

50. Jack CR Jr, Bennett DA, Blennow K, et al. A/T/N: an unbiased descriptive classi-
fication scheme for Alzheimer disease biomarkers. Neurology 2016;87:539–547.

Neurology.org/N Neurology | Volume 95, Number 23 | December 8, 2020 e3103

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n

