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Abstract
Background and objectives
Vascular risk factors and elevated β-amyloid (Aβ) are commonly observed together among
older adults. Here, we examined the interactive vs independent effects of systemic vascular risk
and Aβ burden on longitudinal gray matter atrophy and how their co-occurrence may be related
to cognitive decline in a cohort of clinically normal adults. A secondary goal was to examine
whether vascular risk influences gray matter atrophy independently from markers of white
matter injury.

Methods
Participants were 196 adults (age 73.8 ± 6.1 years) from the Harvard Aging Brain Study.
Baseline Aβ burden was quantified with Pittsburgh compound B PET. Baseline vascular risk was
measured with the Framingham Heart Study cardiovascular disease risk score. Brain atrophy
was quantified longitudinally with structural MRI over a median of 4.50 (±1.26) years. Cog-
nition was assessed yearly with the Preclinical Alzheimer Cognitive Composite over a median of
6.25 (±1.40) years. Linear mixed-effects models examined vascular risk and Aβ burden as
interactive vs independent predictors of gray matter atrophy, with adjustment for age, sex, years
of education, APOE e4 status, intracranial volume (when appropriate), and their interactions
with time. In subsequent models, we adjusted for markers of white matter injury to determine
whether vascular risk accelerated brain atrophy independently from diffusion- and fluid-
attenuated inversion recovery (FLAIR)–based markers. Mediation analyses examined whether
brain atrophy mediated the interactive association of vascular risk and Aβ burden on cognitive
decline.

Results
Higher vascular risk and elevated Aβ burden interacted to predict more severe atrophy in
frontal and temporal lobes, thalamus, and striatum. Higher Aβ burden, but not vascular risk, was
associated with more severe atrophy in parietal and occipital lobes, as well as the hippocampus.
Adjusting for diffusion- and FLAIR-based markers of white matter injury had little impact on
the above associations. Gray matter atrophy mediated the association between vascular risk and
cognitive decline at higher levels of Aβ burden.

Discussion
We observed an interaction between elevated vascular risk and higher Aβ burden with longi-
tudinal brain atrophy, which in turn influenced cognitive decline. These results support vascular
risk factor management as a potential intervention to slow neurodegeneration and cognitive
decline in preclinical Alzheimer disease.
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Accumulating data suggest that vascular risk factors such as
obesity, hypertension, high cholesterol, and diabetes are not
only risk factors for cardiovascular disease but also are risk
factors for Alzheimer disease (AD) dementia.1-3 Recent data
from our group support the idea that vascular risk factors
might act both independently and via canonical AD pathways
to promote progression to AD dementia.4,5 Specifically, prior
work demonstrated that combined elevated systemic vascular
risk and higher β-amyloid (Aβ) burden was associated with
greater cortical tau deposition5 and faster cognitive decline in
clinically unimpaired adults.4 Elevated tau deposition and
cognitive impairment have been closely linked to
neurodegeneration6-8; therefore, neurodegeneration may be a
final common pathway by which vascular risk and AD pa-
thology lead to dementia.

Studies examining vascular risk and Aβ deposition as sepa-
rate predictors of brain atrophy suggest that the 2 processes
are associated with both overlapping and distinct patterns of
brain atrophy as quantified by MRI.9-14 Vascular risk factors
have been linked to atrophy primarily in frontal and tem-
poral regions, whereas Aβ deposition has most commonly
been associated with preferential cortical thinning in medial
parietal and temporal regions.9-14 Few studies have exam-
ined the combined impact of vascular risk and Aβ burden on
brain atrophy and how this in turn influences cognitive
decline.15,16 In addition, it remains unclear whether vascular
risk factors exacerbate brain atrophy via white matter
changes or whether this occurs through independent path-
ways.17 Longitudinal studies are needed to advance our
understanding of the interplay between vascular risk and Aβ
burden on patterns of brain atrophy. Such studies may offer
increased insight into shared pathways of disease and in-
crease prognostic accuracy.

In the present study, we investigated the interactive vs in-
dependent associations of systemic vascular risk and Aβ
burden on longitudinal patterns of brain atrophy in clinically
unimpaired individuals from the Harvard Aging Brain Study
(HABS). Secondarily, we examined whether systemic vascular
risk is associated with brain atrophy independently from im-
aging markers of white matter injury, including diffusion-
derived microstructural abnormalities and white matter
hyperintensities (WMH). Last, building on prior work dem-
onstrating that elevated vascular risk interacts with Aβ burden
to accelerate cognitive decline,4,18,19 we examined whether
this association is mediated by brain atrophy.

Methods
Participants
Participants were clinically unimpaired adults recruited from
HABS.20 HABS began in 2010 and is ongoing. At study entry,
participants were deemed clinically normal if they had a global
Clinical Dementia Rating21 of 0, a Mini-Mental State Exami-
nation22 score ≥27 with educational adjustment, and intact
performance on Logical Memory delayed recall.23 All partici-
pants were screened for major neurologic, psychiatric, and
unstable medical illnesses and were required to have a Geriatric
Depression Scale24 <11. Participants were excluded if they had
unstable hypertension, uncontrolled diabetes, a Hachinski
score of ≥5, a history of stroke with residual deficits, or a history
of intracranial hemorrhage. For the present study, participants
were required to have baseline Aβ PET data, baseline de-
mographic and medical information to calculate a summary
measure of vascular risk, baseline diffusion data, baselineWMH
data, APOE data, and at least 2 MRI data points.

Standard Protocol Approvals, Registrations,
and Patient Consents
The Partners Institutional ReviewBoard approved the protocol
for HABS. All study participants provided written informed
consent before the performance of any study procedures.

Baseline Aβ PET
Baseline Aβ burden was quantified with 11C-Pittsburgh com-
pound B (PiB) PET, as previously described.25 In brief, we
calculated a summary distribution volume ratio for each par-
ticipant by averaging the median PiB uptake value across
frontal, lateral parietal and temporal, and retrosplenial cortices.
Cerebellar gray matter served as the reference region. PET data
were corrected for partial volume effects with the geometric
transfer matrix method.26 Aβ burden was used as a continuous
variable in all analyses. As expected, a bimodal distribution was
observed for Aβ PET values. When we used log- or square
root–transformed values of Aβ in the mainmodels, the findings
remained unchanged. We opted to report all results using the
nontransformedAβ values to enhance interpretability and to be
consistent with prior studies from our group.

Baseline Cardiovascular Disease Risk
Consistent with previous studies from our group,4,5 baseline
systemic vascular risk was quantified with the office-based
Framingham Heart Study cardiovascular disease risk score
(FHS-CVD).27 The FHS-CVD takes into account age, sex,
antihypertensive treatment (yes or no), systolic blood

Glossary
Aβ = β-amyloid;ACME = average causal mediation effect;AD = Alzheimer disease;ADE = average direct effect; FA = fractional
anisotropy; FDR = false discovery rate; FHS-CVD = Framingham Heart Study cardiovascular disease risk score; HABS =
Harvard Aging Brain Study; PACC = Preclinical Alzheimer Cognitive Composite; PiB = 11C-Pittsburgh compound B;
SPRINT MIND = Systolic Blood Pressure Intervention Trial Memory and Cognition in Decreased Hypertension; TE = echo
time; TI = time to inversion; TR = repetition time; WMH = white matter hyperintensities.
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pressure, body mass index (calculated as weight in kilograms
divided by height in meters squared), history of diabetes (yes
or no), and current cigarette smoking status (smoker or
nonsmoker). The FHS-CVD provides a 10-year probability of
future cardiovascular events. In our sample, the FHS-CVD
ranged from 3.7% to 81.7% (mean 32.5%), with higher scores
representing greater vascular risk.

Baseline Diffusion Tensor Imaging
MRI scanning was performed on a Siemens (Erlangen, Ger-
many) TIM Trio 3T system with a 12-channel head coil at
Massachusetts General Hospital (Athinoula A. Martinos
Center for Biomedical Imaging). As previously reported,28

diffusion-weighted imaging was performed at baseline and
collected with the following parameters: repetition time (TR)
8,040 milliseconds, echo time (TE) 84 milliseconds, time to
inversion (TI) 2,100 milliseconds, 2 × 2 × 2–mm voxels, 64
transverse slices, b = 700 s/mm2, 30 diffusion directions, and
2× acceleration. Diffusion-weighted imaging data were pro-
cessed in FSL version 5.0.9 (The Oxford Centre for Func-
tional MRI of the Brain Software Library). We corrected for
eddy current and motion distortions using the Eddy tool in
FSL (FMRIB Software Library).29 We performed tract-based
spatial statistics procedures30 and skeletonized the diffusion
data to account for misregistration effects. After alignment to
standard space, the average fractional anisotropy (FA) value
was extracted from the full mask of the standard FSL
FMRIB58 white matter skeleton. We refer to this metric as
global FA.

Baseline WMH
WMH were assessed using fluid-attenuated inversion recovery
images performed at baseline (TR 6,000 milliseconds, TE 454
milliseconds, TI 2,100 milliseconds, 1 × 1 × 1.5–mm voxels, 2×
acceleration). Total WMH volume (cubic millimeters) was
quantified with an automated algorithm31 as previously
described.32,33 The distribution of WMH volumes was posi-
tively skewed and was log-transformed prior to analysis.

Longitudinal Structural Imaging
High-resolution 3D T1-weighted multiecho magnetization
prepared rapid acquisition gradient-echo anatomic images
were collected with the following parameters: TR 2,300 mil-
liseconds, TE 2.95 milliseconds, TI 900 milliseconds, flip
angle 9°, and 1.05 × 1.05 ×1.2–mm resolution. A subset of
anatomic images were collected with a different set of pa-
rameters: TR 2,300 milliseconds, TE 2.98 milliseconds, TI
900 milliseconds, flip angle 9°, and 1.00 × 1.00 × 1.2–mm
resolution. These 2 sequences have been deemed equivalent.

MRI structural data inHABS are acquired at years 1 (baseline), 4,
and 6. At the time of the present analyses,MRI datawere available
for 196 participants at year 1, 190 participants at year 4, and 108
participants at year 6. Some of these participants received an
additional scan at year 1 (n = 1), year 1.5 (n = 32), and/or year 4
(n = 54). All available data points were used in the present
analyses to improve reliability. Themedian number ofMRI scans

per participant was 2.96 (±0.70) over a median of 4.50 (±1.26)
years. Estimation of cortical thickness and subcortical volumetric
segmentation was performed with FreeSurfer version 6.0.34,35 As
previously described,20 MRI scans were grouped by participant
and processed together with the FreeSurfer longitudinal pro-
cessing stream.36 To reduce the number of analyses, we examined
changes within bilateral frontal, temporal, parietal, and occipital
cortices using a weighted average of FreeSurfer regions for each
lobe (eTable 1, links.lww.com/WNL/B990, gives the regions
included in each lobe). In addition to cortical regions, we ex-
amined subcortical and allocortical regions, including bilateral
striatum, thalamus, and hippocampus. The striatum consisted of a
volume-weighted average of bilateral putamen and bilateral cau-
date regions. The thalamus and hippocampuswere each averaged
across left and right hemispheres.

Longitudinal Cognition
Cognition was assessed annually with the Preclinical Alzheimer
Cognitive Composite (PACC).4,37 As previously described,38

the composite includes tests of memory (Logical Memory
delayed recall and the Free and Cued Selective Reminding
Test), a timed measure of executive function (Digit Symbol
Substitution Test), a measure of global cognition (Mini-Mental
State Examination), and a category fluency task (animals,
vegetables, and fruits).39 To calculate the PACC, raw scores
were z transformed on the basis of the mean and SD from the
baseline data and averaged together. At the time of the present
analyses, cognitive data were available for 196 participants at
years 1 through 4, 188 at year 5, 165 at year 6, 106 at year 7, 74
at year 8, and 8 at year 9. The median number of visits was 7.0
(±1.26) over a median of 6.25 (±1.40) years.

Data Availability
Data from HABS may be requested at: https://nmr.mgh.har-
vard.edu/lab/harvard-aging-brain-study/public-data-releases.

Statistical Analyses
Linear mixed-effects models implemented in R (version 3.5.1)
were used to examine the associations between vascular risk
and Aβ burden on longitudinal brain atrophy (nlme package).
The initial predictor of interest was the 3-way interaction of
vascular risk, Aβ burden, and time. If this term was not sig-
nificant, it was removed from themodel, and 2-way interactions
of vascular risk with time and Aβ with time were examined. We
ran separate models for each of the 4 lobes and for each
subcortical/allocortical region (e.g., striatum, thalamus, and
hippocampus). All models were adjusted for baseline age, sex,
and APOE status (e4 carrier vs noncarrier), as well as each
variable interacted with time. When the outcome variable was
an allocortical or subcortical (volumetric) region, we addi-
tionally adjusted for intracranial volume and its interaction with
time. In analyses in which the outcome variable was cognition,
we additionally included terms for education and its interaction
with time. In all longitudinal analyses, a random intercept and
slope were included for each participant. Time was represented
as years from baseline for each participant. We inspected di-
agnostic plots of the residuals to ensure that the assumptions of
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linear models were met. To correct for multiple comparisons,
we applied the Benjamini-Hochberg procedure40 with a false
discovery rate (FDR) of 0.05.

A post hoc exploratory analysis examined the specific Free-
Surfer cortical regions associated with the interaction of vas-
cular risk and Aβ burden. To reduce the number of
comparisons, FreeSurfer regions were averaged across the left
and right hemispheres. Models were adjusted for the cova-
riates described above, and FDR correction was applied.

To address whether the foregoing analyses may be driven by
the age or sex components of the FHS-CVD, we repeated our
analyses using age and sex in place of the FHS-CVD in sep-
arate models (i.e., vascular risk × Aβ × time was replaced with
age × Aβ × time or sex × Aβ × time). The rationale here is that
if the age or sex components are driving the associations, this
should be reflected in significant associations when age or sex
is replaced with the FHS-CVD in our analyses. These models
were adjusted for the covariates described above, and FDR
correction was applied.

In secondary analyses, we examined whether the interactive
associations of vascular risk with Aβ burden on brain atrophy
remained after adjustment for imaging markers of white
matter injury, including diffusion-derived global FA and
WMH. This allowed us to determine whether the impact of
vascular risk on brain atrophy operates independently from
imaging markers of white matter injury. To address this
question, we repeated the primary set of analyses predicting
lobar and allocortical/subcortical atrophy and included
baseline global FA andWMH and their interactions with time
in the models. Models were adjusted for the covariates de-
scribed above, and FDR correction was applied.

A final goal of the study was to determine whether the in-
teractive association of vascular risk with Aβ burden on cog-
nitive decline was mediated by gray matter atrophy. To do so,
we performed a moderated mediation analysis using the me-
diation package in R.41 Because the analyses were carried out in
a linear regression framework, we extracted slopes of change for
each FreeSurfer cortical region and for the PACC from separate
linear mixed-effects models. To reduce the number of media-
tion analyses performed, we created a cortical atrophy com-
posite that was based on atrophied regions associated with both
the vascular risk–Aβ interaction (described above) and PACC
decline. Significant associations between the FreeSurfer cortical
slopes and PACC slopes were assessed in linear regression
models, with adjustment for age, sex, education, and APOE e4
status. FDR correction was applied to these analyses.

For the mediation analysis, we built 2 models: (1) a linear
regression model in which the outcome was the cortical at-
rophy composite and the predictor was the vascular risk–Aβ
interaction (mediator model) and (2) a linear regression
model in which the outcome was PACC slope and the pre-
dictors were the vascular risk–Aβ interaction and the cortical

atrophy composite (outcome model). Both the mediator
model and the outcome model included the main effects of
vascular risk and Aβ burden, as well as the following cova-
riates: age, sex, education, and APOE e4 status. To probe the
moderating effect of Aβ burden on the association of vascular
risk with PACC decline, we performed 2 mediation models: 1
at a low level of Aβ (Aβ value at the 15th percentile of the
sample) and another at high level of Aβ (Aβ value at the 85th
percentile of the sample). We used the test.modmed function
to formally test the difference between themediation effects at
the 2 levels of Aβ. The mediated (average causal medication
effect [ACME]) and direct (average direct effect [ADE]) ef-
fects were estimated from nonparametric bootstrapping
(1,000 simulations, p < 0.05).

Results
There were 196 participants included in the present study.
Participants were excluded if they did not have the following
data: baseline Aβ PET data (n = 1 excluded), the necessary
demographic or medical information to compute a summary
measure of systemic vascular risk (n = 4 excluded), baseline
diffusion data (n = 9 excluded), baseline WMH data (n =
0 excluded), APOE data (n = 6 excluded), and at least 2 MRI
data points (n = 48 excluded). Table 1 summarizes the
baseline characteristics of the study sample. We used partial
Pearson correlations to examine the cross-sectional

Table 1 Baseline Demographic Characteristics

Characteristic All (n = 196)

Age, mean (SD), y 73.80 (6.12)

Education, mean (SD), y 16.04 (3.02)

Female, n (%) 112 (57)

PiB FLR DVR (PVC), mean (SD) 1.38 (0.37)

Aβ positive, n (%) 60 (30.6)

Log-transformed WMH, mean (SD), mm3 7.60 (0.90)

Global FA, mean (SD) 0.51 (0.02)

APOE «4 carriers, n (%) 56 (29)

FHS-CVD, mean (SD) 32.52 (17.79)

HTN medications, n (%) 99 (51)

SBP, mean (SD), mm Hg 140.40 (17.11)

BMI, mean (SD), kg/m2 26.93 (4.69)

History of diabetes, n (%) 19 (10)

Current smoker, n (%) 7 (4)

Abbreviations: Aβ = β-amyloid; BMI = body mass index; DVR = distribution
volume ratio; FA = fractional anisotropy; FHS-CVD = Framingham Heart
Study cardiovascular disease risk score; FLR = frontal, lateral parietal and
temporal, and retrosplenial regions; HTN = hypertension; PiB = Pittsburgh
compound B; PVC = partial volume corrected; SBP = systolic blood pressure;
WMH = white matter hyperintensities.
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relationships of systemic vascular risk (as measured by FHS-
CVD) with Aβ burden, WMH, and global FA, adjusting for
age and sex. There was no association between vascular risk
and Aβ burden (rpartial = −0.06, p = 0.43). As expected, there
was a significant positive association between vascular risk and
WMH (rpartial = 0.19, p = 0.009), a negative association be-
tween vascular risk and global FA (rpartial = −0.25, p < 0.001),
and a negative association between WMH and global FA
(rpartial = −0.25, p < 0.001).

Vascular Risk and Aβ Are Interactively
AssociatedWith Longitudinal GrayMatter Loss
The combination of elevated vascular risk and higher Aβ burden
was associated with faster cortical thinning in frontal and tem-
poral lobes, as shown by significant 3-way interactions between
vascular risk, Aβ burden, and time (Figure 1 and Table 2). In
contrast, this same 3-way interaction was not significantly asso-
ciated with cortical thinning in parietal or occipital regions
(Table 2). Because of this, we next examined 2-way interactions

of Aβ burden × time and vascular risk × time as predictors of
parietal and occipital atrophy. We observed that higher Aβ
burden, but not vascular risk, was associated with faster atrophy
in parietal (Aβ × time: β = −0.067, SE = 0.016 [95% CI −0.098,
−0.035], t = −4.14, p < 0.001; vascular risk × time: β = −0.036,
SE = 0.024 [95% CI −0.082, 0.010], t = −1.54, p = 0.124) and
occipital cortices (Aβ × time: β = −0.052, SE = 0.018 [95%
CI −0.086, −0.018], t = −2.95, p = 0.003; vascular risk × time:
β = −0.016, SE = 0.026 [95% CI −0.066, 0.034], t = −0.64,
p = 0.526). With respect to subcortical and allocortical regions,
higher vascular risk and elevated Aβ burden interacted to
predict greater atrophy within the thalamus and striatum, al-
though the latter did not survive FDR correction (Table 2).
The 3-way interaction of vascular risk, Aβ burden, and time was
not associated with hippocampal atrophy (Table 2). Instead,
the 2-way interactions demonstrated that hippocampal atrophy
was associated with higher Aβ burden but not vascular risk
(Aβ × time: β = −0.025, SE = 0.009 [95% CI −0.043, −0.007],
t = −2.72, p = 0.007; vascular risk × time: β = 0.003, SE = 0.013

Figure 1 Spaghetti Plots Depicting Cortical Thinning Over Time Among ParticipantsWith High/Low Vascular Risk and High/
Low Aβ Burden

(A) Atrophywithin frontal regions over time. (B) Atrophywithin temporal regions over time. Participants were classified as high/low vascular risk and high/low
β-amyloid (Aβ) burden on the basis of the median values of vascular risk and Aβ burden. The fastest rates of atrophy were observed in the high vascular
risk–high Aβ group.
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[95% CI −0.022, 0.028], t = 0.207, p = 0.836, eTable 2, links.
lww.com/WNL/B990, provides the full model output).

In post hoc regional analyses, we investigated the specific
frontal and temporal regions that were associated with the 3-
way interaction of vascular risk, Aβ burden, and time. After
FDR correction and adjustment for covariates (i.e., age, sex,
APOE e4 status, and their interactions with time), we found
that higher vascular risk interacted with greater Aβ burden to
predict more severe atrophy in several frontal regions, in-
cluding bilateral rostral middle frontal, pars opercularis, pars
triangularis, pars orbitalis, and lateral orbital frontal regions.
The only temporal region to reach significance was the bi-
lateral temporal pole (Figure 2).

To assess whether the age or sex components of the FHS-
CVD were driving the observed effects, we reran our primary
analysis using age and sex in place of the FHS-CVD (i.e., age ×
Aβ × time or sex × Aβ × time) in separate models. These
interaction terms were not significant in any of the models

predicting cortical or subcortical/allocortical regions (all p >
0.05 after FDR correction), suggesting that the vascular risk
factors that make up the FHS-CVD are driving the effects.

Associations of Vascular Risk andAβBurdenon
Brain Atrophy Remained After Adjustment for
Markers of White Matter Injury
Next, we examined whether the associations of vascular risk
with Aβ burden on brain atrophy remained after adjustment for
imaging markers of white matter injury such as diffusion-
derived global FA and WMH. These analyses allowed us to
determine whether the impact of vascular risk on gray matter
atrophy operates independently from imagingmarkers of white
matter injury. As summarized in Table 3, adjusting for markers
of white matter injury had little impact on the associations
between vascular risk and Aβ-related gray matter atrophy.
Specifically, we observed that the interaction of elevated vas-
cular risk and higher Aβ burden remained a significant pre-
dictor of atrophy within frontal regions, temporal regions,
thalamus, and striatum. In these models, lower global FA was

Table 2 Interactive Associations of Aβ Burden and Vascular Risk on Longitudinal Brain Atrophy

Standardized β (95% CI) Standardized SE t Value p Value (unadjusted/FDR)

Frontal −0.055 (−0.090, −0.019) 0.018 −2.949 0.003/0.021

Temporal −0.042 (−0.076, −0.007) 0.018 −2.316 0.021/0.049

Parietal −0.005 (−0.040 to 0.029) 0.018 −0.310 0.757/0.757

Occipital 0.0006 (−0.031, 0.044) 0.019 0.325 0.745/0.757

Striatum −0.019 (−0.035, −0.002) 0.009 −2.172 0.031/0.054

Thalamus −0.026 (−0.046, −0.007) 0.010 −2.607 0.010/0.035

Hippocampus −0.015 (−0.034, 0.004) 0.010 −1.503 0.134/0.188

Abbreviations: Aβ = β-amyloid; FDR = false discovery rate; SE = standard error.
Values shown are from the 3-way interaction of vascular risk, Aβ burden, and time on brain atrophy in lobar or allocortical/subcortical regions. Models are
adjusted for age, sex, education, APOE e4, status, and their interactions with time. Intracranial volume and its interactionwith timewere included as additional
covariates when the outcome was an allocortical/subcortical (volumetric) region. eTable 2, links.lww.com/WNL/B990, gives the full model output.

Figure 2 FreeSurfer-Defined Cortical Regions inWhich Longitudinal AtrophyWas AssociatedWith the 3-Way Interaction of
Vascular Risk, Aβ Burden, and Time

Greater vascular risk interacted with higher
β-amyloid (Aβ) burden to predict faster longitudi-
nal atrophy in frontal and temporal regions and
subcortically in the thalamus and striatum (sub-
cortical regions not depicted). Regions were av-
eraged across the left and right hemispheres.
Models were adjusted for age, sex, APOE e4 status,
and their interactions with time. Color bars in-
dicate the t statistic for the association of the 3-
way interaction with brain atrophy. Regions
shown are p < 0.05 after false discovery rate cor-
rection for multiple comparisons.
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independently but weakly associated with greater atrophy in
frontal regions (this association did not survive FDR correc-
tion) and greater WMH burden was significantly associated
with greater atrophy in temporal regions. There was also a weak
counterintuitive association between lower WMH and more
severe striatal atrophy; however, this association did not survive
FDR correction.

Gray Matter Atrophy Mediated the Interactive
Association of Vascular Risk and Aβ Burden on
Cognitive Decline
A final goal of this study was to determine whether brain
atrophy mediates the interactive association of vascular risk

with Aβ burden on cognitive decline. In these models, we used
a cortical atrophy composite that was based on atrophied
regions associated with both the vascular risk–Aβ interaction
and PACC decline. As depicted in Figure 3, PACC decline
was associated with widespread atrophy across frontal, tem-
poral, parietal, and occipital cortices, as well as the hippo-
campus and thalamus. The cortical regions associated with
both the vascular risk–Aβ interaction and PACC decline in-
cluded bilateral rostral middle frontal, pars opercularis, pars
triangularis, pars orbitalis, and lateral orbital frontal, as well as
bilateral temporal pole. These regions were used to create a
cortical atrophy composite for the mediation analysis. Before
performing the mediation analysis, we examined the pairwise

Table 3 Associations of Vascular Risk and Aβ Burden on Longitudinal Brain Atrophy, After Adjustment for Markers of
White Matter Injury

Standardized β (95% CI) Standardized SE t Value p Value (unadjusted/FDR)

Frontal Vascular risk × Aβ × time −0.053 (−0.088, −0.018) 0.018 −2.927 0.004/0.028

WMH × time −0.022 (−0.058, 0.013) 0.018 −1.221 0.223/0.390

FA × time 0.042 (0.006, 0.079) 0.019 2.267 0.024/0.168

Temporal Vascular risk × Aβ × time −0.039 (−0.072, −0.005) 0.017 −2.247 0.025/0.044

WMH × time −0.056 (−0.090, −0.022) 0.018 −3.175 0.002/0.014

FA × time 0.029 (−0.006, 0.063) 0.018 1.594 0.112/0.261

Parietal Vascular risk × time −0.022 (−0.070, 0.025) 0.024 −0.932 0.352/0.934

Aβ × time −0.066 (−0.097, −0.035) 0.016 −4.116 <0.001/<0.001

WMH × time −0.017 (−0.052, 0.017) 0.018 −0.966 0.335/0.469

FA × time 0.029 (−0.007, 0.064) 0.018 1.578 0.115/0.261

Occipital Vascular risk × time −0.002 (−0.054, 0.049) 0.027 −0.083 0.934/0.934

Aβ × time −0.049 (−0.083, −0.015) 0.017 −2.810 0.005/0.009

WMH × time −0.037 (−0.075, 0.0003) 0.019 −1.921 0.055/0.128

FA × time 0.015 (−0.023, 0.053) 0.020 0.763 0.446/0.520

Striatum Vascular risk × Aβ × time −0.020 (−0.036, −0.004) 0.008 −2.361 0.019/0.044

WMH × time 0.022 (0.005, 0.039) 0.009 2.440 0.015/0.053

FA × time −0.013 (−0.031, 0.004) 0.009 −1.447 0.149/0.261

Thalamus Vascular risk × Aβ × time −0.026 (−0.046, −0.007) 0.010 −2.603 0.010/0.035

WMH × time 0.007 (−0.014, 0.028) 0.011 0.662 0.508/0.508

FA × time 0.005 (−0.016, 0.027) 0.011 0.480 0.631/0.631

Hippocampus Vascular risk × time 0.008 (−0.018, 0.035) 0.014 0.593 0.554/0.934

Aβ × time −0.025 (−0.043, −0.007) 0.009 −2.641 0.009/0.012

WMH × time −0.007 (−0.028, 0.013) 0.011 −0.687 0.493/0.508

FA × time 0.011 (−0.011, 0.032) 0.011 0.954 0.341/0.477

Abbreviations: Aβ = β-amyloid; FA = fractional anisotropy; FDR = false discovery rate; SE = standard error; WMH = white matter hyperintensities.
Models are adjusted for age, sex, education, APOE e4, status, and their interactions with time. Intracranial volume and its interaction with time were included
as additional covariates when the outcome was an allocortical/subcortical (volumetric) region. In the abovemodels, if the 3-way interaction of vascular risk ×
Aβ × time was not significant, it was removed from the model, and 2-way interactions were examined (i.e., vascular risk × time and Aβ × time). As reported in
Table 2, the 3-way interactions were not associated with atrophy in parietal, occipital, and hippocampal regions; therefore, the 2-way interactions were
examined for these regions.
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associations between the vascular risk–Aβ interaction, cortical
atrophy composite (slope), and PACC decline (slope). All
associations were significant and are presented in eTable 3,
links.lww.com/WNL/B990.

As depicted in Figure 4, causal mediation models showed that
the cortical atrophy composite mediated the effect of vascular
risk on PACC decline at high levels of Aβ burden (ACME
−0.08, p = 0.046) but not at low levels of Aβ burden (ACME
0.02, p = 0.24). There was a significant direct effect of vascular
risk on PACC decline (i.e., an effect that was not mediated by
atrophy) at both high (ADE −0.56, p < 0.001) and low (ADE
−0.25, p < 0.001) levels of Aβ burden. In addition, we found
that ACME significantly differed at high vs low levels of Aβ
burden (estimate 0.10, p = 0.016). There was no significant
group difference for ADE (estimate 0.31, p = 0.142).

Discussion
The present study investigated the interactive vs independent
associations of systemic vascular risk and Aβ burden with

prospective patterns of brain atrophy among a group of well-
characterized clinically unimpaired adults. We found that el-
evated vascular risk was associated with faster Aβ-related at-
rophy in frontal and anterior temporal regions and
subcortically in the striatum and thalamus. Adjusting for
markers of white matter injury (i.e., global FA andWMH) had
little impact on these associations, indicating that the effects of
systemic vascular risk on gray matter atrophy are not merely
consequences of white matter changes. We additionally found
that gray matter atrophy mediated the effect of vascular risk
on cognitive decline at higher levels of Aβ burden.

A major finding of the study was that higher vascular risk
interacted with higher Aβ burden to predict more severe atro-
phy in frontal and anterior temporal cortices, as well as in
subcortical regions such as the thalamus and striatum. It was
interesting to observe atrophy in subcortical regions given that
we used a cortical composite of Aβ burden. However, this
may be due to the high correlation between the cortical Aβ
composite and Aβ in the striatum and thalamus in this sample.
Furthermore, it was notable that the set of brain regions asso-
ciated with the interaction of vascular risk and Aβ burden did

Figure 3 FreeSurfer-Defined Cortical Regions in Which Longitudinal Atrophy Was Associated With PACC Decline

Preclinical Alzheimer Cognitive Composite (PACC)
decline was associated with faster longitudinal
atrophy across a wide set of cortical regions, as
well as the hippocampus and thalamus (allocort-
ical and subcortical regions not depicted). Regions
were averaged across the left and right hemi-
spheres. Models were adjusted for age, sex, edu-
cation, APOE e4 status, and their interactions with
time. Color bars indicate the t statistic for the as-
sociation between PACC decline and brain atro-
phy. Regions are shown at p < 0.05 after FDR
correction for multiple comparisons.

Figure 4MediationModels of the Association of Vascular Risk, Brain Atrophy, and Cognitive Decline at High and Low Levels
of Aβ Burden

Mediation analyses were performed to determine whether brain atrophymediates the association between vascular risk and cognitive decline at high vs low
levels ofβ-amyloid (Aβ) burden. Because the analyseswere carried out in a linear regression framework, weused slopes to represent graymatter atrophy and
cognitive decline. At high levels of Aβ, there was a significant direct and atrophy-mediated effect of vascular risk on cognitive decline (left). At low levels of Aβ,
there was a significant direct effect of vascular risk on cognitive decline but no significant indirect (mediated) effect as shown by the dotted line (right). ACME =
average causal mediation effect; ADE = average direct effect. *p < 0.05; **p < 0.01; ***p < 0.001.

Neurology.org/N Neurology | Volume 99, Number 3 | July 19, 2022 e277

Copyright © 2022 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://links.lww.com/WNL/B990
http://neurology.org/n


not overlap with the canonical pattern of AD neuro-
degeneration, which shows preferential atrophy within tem-
poroparietal regions. Our findings therefore suggest that
heightened vascular risk does not merely accelerate Aβ-related
atrophy in AD vulnerable regions.

The finding that vascular risk and Aβ burden interact to pro-
mote atrophy in frontal and anterior temporal regions diverges
from those reported in a previous cross-sectional study.15 In that
study, the authors observed an interactive effect of vascular risk
and Aβ burden on cortical thinning in posterior parietal regions
and an independent effect of vascular risk on cortical thinning in
frontotemporal regions.15 The discrepant findings between the
2 studies may relate to methodologic differences such as sample
characteristics (≈20% of participants in the prior study were
mildy impaired15) or study design (cross-sectional vs longitu-
dinal). The benefit of a longitudinal design is that it captures
progressive brain atrophy, whereas cross-sectional designs
might capture both progressive and nonprogressive processes.
Additional longitudinal studies are needed to further clarify the
independent vs interactive effects of vascular risk and Aβ burden
on patterns of neurodegeneration.

In the present study, we had the opportunity to compare the
effects of vascular risk with imaging markers of white matter
injury on subsequent patterns of atrophy. After adjustment for
markers of white matter injury, elevated vascular risk remained a
predictor of Aβ-related atrophy in frontal and temporal regions,
as well as subcortically in the thalamus and striatum. In contrast,
atrophy patterns related to WMH and global FA were much
more limited. Specifically, greater WMH burden independently
predicted more severe atrophy in temporal regions. We also
found that lower global FA was associated with greater atrophy
in frontal regions, but this association did not survive FDR
correction. These findings suggest that increased systemic vas-
cular risk accelerates Aβ-related brain atrophy through pathways
that are independent of those that cause white matter injury.
Possible pathways to consider include reduced cerebral blood
flow, increased systemic inflammation, tau deposition, and
disrupted blood-brain barrier integrity.5,42-45

Given previous work showing that vascular risk accelerates
Aβ-related cognitive decline,4 we were particularly interested
in whether this association was mediated by gray matter at-
rophy. Our mediation analyses supported this hypothesis but
also suggested that vascular risk influences cognitive trajectories
independently of atrophy. We found that at higher levels of Aβ
burden, gray matter atrophy mediated the association between
vascular risk and cognitive decline. These data suggest that one
way by which combined vascular risk and Aβ burden leads
to cognitive impairment is via gray matter loss. There was also
a direct effect of vascular risk on cognitive decline at both high
and low levels of Aβ, suggesting that the detrimental effects of
vascular risk on cognitive decline are not fully captured by gray
matter atrophy. Additional mediators linking vascular risk to
cognitive decline should be investigated in future work. Pos-
sible candidates include hypoperfusion, atherosclerosis,

arteriolosclerosis, microinfarcts, inflammation, tau deposition,
and blood-brain barrier breakdown.5,42-45

The present results build on accumulating evidence that ag-
gressively targeting vascular risk factors may be an effective
clinical strategy to slow progression to AD dementia. We pre-
viously showed that clinically unimpaired participants who had
higher Aβ burden but lower vascular risk had less tau deposition
in cortical regions.5 In another study, Gottesman and colleagues1

found that participants with fewer vascular risk factors in midlife
were less likely to have elevated brain Aβ burden later in life. In
the Systolic Blood Pressure Intervention Trial (SPRINT)
Memory and Cognition in Decreased Hypertension (MIND)
study, intensive blood pressure control (goal systolic blood
pressure <120 mm Hg) relative to standard blood pressure
control (goal <140 mm Hg) was associated with reduced in-
cidence of mild cognitive impairment or dementia.46 Further-
more, recent data indicate a decline in the age-specific incidence
and prevalence of dementia in some Western countries, poten-
tially as a result of improved treatment of cardiovascular disease
and vascular risk.47,48 Intervention studies targeting vascular risk
factors are currently underway49 and will provide a clearer per-
spective on whether managing these risk factors can prevent or
slow progression to AD dementia.

The strengths of the present study include the well-characterized
sample and the prospective study design with longitudinal
structuralMRI. The latter is particularly important because cross-
sectional studies may additionally capture nonprogressive pro-
cesses of brain atrophy. Furthermore, the breadth of imaging data
available at baseline allowed us to examine the effects of vascular
risk on brain atrophy independently of imaging markers of white
matter injury. However, the results here need to be considered in
the context of the study sample and the measurements available
in this cohort. First, the highest range of systemic vascular risk is
likely underrepresented in our sample because HABS excludes
individuals with symptomatic stroke, uncontrolled diabetes, and
unstable hypertension. This leaves open the possibility that the
interactive effects of vascular risk with Aβ burden on brain at-
rophymay be of even greater consequence in personswith higher
vascular risk. Second, individuals with both high Aβ burden and
high vascular risk are likely not well represented in the study
given that these individuals are more likely to be cognitively
impaired and therefore not eligible for HABS. Third, the par-
ticipants in HABS are generally well educated, of relatively high
socioeconomic status, and primarilyWhite. These considerations
may affect the generalizability of the results.

We observed that heightened vascular risk interacted with
elevated Aβ to promote more severe brain atrophy in frontal
and anterior temporal regions and subcortically in the thala-
mus and striatum. Adjusting for WMH and diffusion metrics
had little impact on these associations, suggesting that white
matter injury does not explain the effect of systemic vascular
risk on neurodegeneration. Furthermore, we found that gray
matter atrophy in frontal and anterior temporal regions par-
tially mediated the association between elevated vascular risk
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and Aβ-related cognitive decline. Together, these results
provide another line of support for managing vascular risk
factors to reduce the emergence of cognitive impairment,
especially in individuals with elevated Aβ burden.
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