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Abstract.
Background: Alzheimer’s disease (AD) and cerebrovascular disease are common, co-existing pathologies in older adults.
Whether the effects of cerebrovascular disease and AD biomarkers on cognition are additive or synergistic remains unclear.
Objective: To examine whether white matter hyperintensity (WMH) volume moderates the independent association between
each AD biomarker and cognition.
Methods: In 586 older adults without dementia, linear regressions tested the interaction between amyloid-� (A�) positron
emission tomography (PET) and WMH volume on cognition, independent of tau-PET. We also tested the interaction between
tau-PET and WMH volume on cognition, independent of A�-PET.
Results: Adjusting for tau-PET, the quadratic effect of WMH interacted with A�-PET to impact memory. There was no
interaction between either the linear or quadratic effect of WMH and A�-PET on executive function. There was no interaction
between WMH volume and tau-PET on either cognitive measure.
Conclusion: Results suggest that cerebrovascular lesions act synergistically with A� to affect memory, independent of tau,
highlighting the importance of incorporating vascular pathology into biomarker assessment of AD.
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INTRODUCTION

Alzheimer’s disease (AD) pathology is defined by
the presence of amyloid-� (A�) plaques and tau tan-
gles in the brain [1]. While both A� and tau have
been associated with cognition in pathology studies
[2] and in vivo positron emission tomography (PET)
imaging studies [3, 4], neurofibrillary tau tangles
have been most robustly correlated with cognition
in a regionally-dependent manner [5]. In contrast,
the correlation with A� is weak, and A� pathology
is not uncommon in older adults without cognitive
impairment [6]. It is not yet fully understood to what
degree other factors may exacerbate the effects of AD
pathologies on concurrent cognition.

Postmortem examination shows that A� plaques
and tau tangles commonly co-occur with non-AD
neuropathology, such as cerebrovascular disease [7].
Neuroimaging markers of small vessel cerebrovas-
cular disease, such as white matter (WMH) volume,
have been found to be elevated in participants with
autosomal-dominant AD prior to symptom onset
[8] as well as cognitively healthy participants with
AD-like biomarkers [9]. Given the weak association
between A� and cognition, these findings have led to
growing interest in disentangling the role of AD and
cerebrovascular pathologies on cognitive status and
functioning. In particular, whether cerebrovascular
disease may exacerbate the effect of AD biomark-
ers is highly debated, and several studies have tested
for synergistic AD-cerebrovascular biomarker inter-
actions with mixed findings. In examining whether
there may be an interaction between cerebrovascu-
lar disease and tau on cognition, findings are limited,
with one study reporting that cerebrovascular disease
and CSF p-tau did not interact to affect cognition in
young onset dementia [10]. The interaction between
cerebrovascular disease and A� on cognition has
been more extensively explored, finding that in sub-
cortical vascular mild cognitive impairment (MCI)
[11], cognitive impairment without dementia [12],
and among cognitively unimpaired [13], the effect of
one pathology biomarker on cognition was greater
when the other was elevated; similar effects have
been seen when looking at longitudinal cognitive
decline in subcortical vascular dementia [14] and
individuals with and without cognitive impairment
[15]. However, other studies have found that cere-
brovascular disease assessed via WMH and/or other
magnetic resonance imaging (MRI) biomarkers do
not act synergistically with PET or cerebrospinal fluid
(CSF) A� biomarkers to impact cognition among

cognitively unimpaired [16–19], subjective cognitive
decline [20], young onset dementia [10], and sub-
cortical vascular cognitive impairment [21], nor that
they interact to impact cognitive decline [22] or like-
lihood of dementia [23, 24] in samples encompassing
those with and without cognitive impairment. Instead,
most of these studies suggest that cerebrovascular
injury and A� contribute to cognition additively and
independently.

Few studies have accounted for the effects of tau
when assessing for synergistic effects of A� and cere-
brovascular disease, and vice versa. In those that have,
synergistic effects were not consistently found [25,
26]. Given these limited and mixed results, the inter-
play between A�, tau, and cerebrovascular disease
on clinical outcomes has yet to be fully elucidated,
and researchers have called for further characteri-
zation and inclusion of cerebrovascular biomarkers
into analyses of aging and AD [27]. To our knowl-
edge, there have been a lack of studies that have
investigated whether WMH volume moderates the
independent association between each AD biomarker
and domain-specific cognition. Therefore, our study
will examine the value of incorporating cerebrovas-
cular biomarker information to A� and tau biomarker
assessment of AD by testing 1) the tau-independent
interaction between WMH volume and A� on cogni-
tion, and 2) the A�-independent interaction between
WMH volume and tau on cognition in a sample of
older adults without dementia.

METHODS

The ADNI dataset

Data used in the preparation of this arti-
cle were obtained from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) database
(http://adni.loni.usc.edu). The ADNI was launched
in 2003 as a public-private partnership, led by Prin-
cipal Investigator Michael W. Weiner, MD. The
primary goal of ADNI has been to test whether serial
MRI, PET, other biological markers, and clinical
and neuropsychological assessment can be combined
to measure the progression of MCI and early AD.
For up-to-date information, see http://www.adni-
info.org. ADNI was approved by Institutional Review
Boards of participating institutions. Informed written
consent was obtained from all participants. Treatment
of participants during this study was in accordance
with the ethical standards set forth by the Helsinki
Declaration.
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Participants

As previously described [28], ADNI enrolls partic-
ipants that are 55–90 years old, fluent in English or
Spanish with at least 6 years of education, have a Geri-
atric Depression Scale score of less than 6, and have a
modified Hachinski Ischemic Scale score of less than
5 at enrollment. The present study included 586 older
adults with an actuarial classification of either MCI
or cognitively unimpaired (CU) [29, 30] and who had
A�-PET, tau-PET, WMH volume, clinical and cogni-
tive data available concurrently. Concurrent data was
matched by ADNI visit (e.g., screening or baseline,
month 12, etc.).

Aβ and tau-PET imaging

Both A� and tau burden were assessed using PET
imaging. A�-PET was assessed using [18F]AV45
(n = 360) or [18F]FBB (n = 226), while tau-PET
was assessed using [18F]AV1451. Details on ADNI
PET acquisition and preprocessing are available
online (http://www.adni.loni.usc.edu). For both A�-
PET tracers, a cortical composite was calculated
from bilateral frontal, anterior/posterior cingulate,
lateral parietal, and lateral temporal regions [31].
For tau-PET, a bilateral composite was calcu-
lated from regions representing Braak III/IV stage
pathology, including the bilateral parahippocam-
pal gyrus, fusiform gyrus, lingual gyrus, amygdala,
middle temporal gyrus, caudal anterior cingulate
gyrus, rostral anterior cingulate gyrus, posterior
cingulate gyrus, isthmus cingulate gyrus, insula, infe-
rior temporal gyrus, and temporal pole [32]. This
region was selected to obtain a reliable estimate of
mild-moderate stage tau pathology due to risk of
contamination by off-target binding in earlier Braak
stages [32]. Standardized uptake value ratios (SUVR)
were calculated by dividing the composite values
by the values in the whole cerebellum (A�-PET) or
inferior cerebellar gray matter (tau-PET) [31–33]. To
allow for inclusion of both [18F]AV45 and [18F]FBB
as comparable continuous values in our analysis,
SUVRs were transformed into centiloid (CL) val-
ues using the following equations: CL=(157.15 X
SUVRFBB) – 151.87 and CL=(188.22 X SUVRAV45)
– 189.16) [34]. Tau-PET values were partial vol-
ume corrected via the geometric transform method
[35]. As the tau-PET variable was not distributed nor-
mally, statistical analyses were performed on both a
raw and natural-log transformed tau-PET variable.
As the results were qualitatively unchanged using

both variables, the results using raw tau-PET data
are reported. Furthermore, as there was an outlier
on A�-PET (240.4 CL), statistical analyses were
performed with and without this participant. As the
results were qualitatively unchanged when excluding
this outlier, the results including this datapoint are
reported.

White matter hyperintensity and hippocampal
volume data

All participants underwent whole-brain MRI scan-
ning on 3-Tesla scanners. For each participant, an
anatomical T1-weighted scan and a T2-weighted
fluid attenuated inversion recovery (FLAIR) scan
were acquired. All ADNI MRI acquisition sites
passed rigorous scanner validation tests, and scan
protocols were optimized across sites and manufac-
turers (GE, Philips, Siemens) [36].

WMH volumes were obtained from data collected
in ADNI2 and ADNI3. WMHs were detected on
FLAIR images using a method that has been pre-
viously described [37]. This method includes 1)
linear co-registration of 3D T1-weighted image to
the FLAIR image, 2) removal of non-brain ele-
ments from the FLAIR image using 3D T1-weighted
brain mask, 3) image intensity normalization of the
FLAIR image, 4) non-linear warping of 3D T1-
weighted brain image to a minimal deformation
template [38], 5) nonlinear deformation of the FLAIR
volume to the atlas using the registration parame-
ters for the 3D T1-weighted volume, 6) application
of Bayesian segmentation to both 3D T1-weighted
and the FLAIR volumes, 7) creation of four-tissue
segmentation volume, 8) reverse transformation of
three-tissue segmented volume into 3D T1-weighted
native space, 9) reverse transformation of WMH seg-
mented volume into FLAIR native space, 10) reverse
transformation of four tissue segmented volume into
3D T1-weighted native space, 11) output of these
volumes into the directory from which the program
is launched. WMH volumes were segmented using
3D T1-weighted and T2-weighted fluid attenuated
inversion recovery (FLAIR) MRI sequences. Further
details on acquisition and segmentation are avail-
able online (http://www.adni.loni.usc.edu). Because
WMH volume may vary as a function of total brain
volume (TBV), total WMH volume was divided by
TBV, consistent with previous research [39]. The
TBV measure included both cerebrum and infraten-
torial regions. This TBV-normalized WMH volume
variable was then natural log-transformed to reduce
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skew. The natural log-transformed, TBV-normalized
WMH volume variable was utilized in all analyses.

As previously described [40], hippocampal vol-
ume was derived from a standard atlas based
diffeomorphic approach [41] with label refine-
ment modifications. Harmonized hippocampal masks
developed via the European Alzheimer’s Disease
Consortium (EADC) and ADNI Working Group on
the Harmonized Protocol for Manual Hippocampal
Segmentation were utilized with the following steps:
1) pre-processing with extraction of intracranial
cavity, non-uniformity correction, and tissue classi-
fication [42]; 2) atlas registration of EADC-ADNI
hippocampal masks [43]; 3) atlas fusion utilizing
Multi-Atlas Label Fusion [44]; and 4) intensity-based
label refinement. Hippocampal volume was divided
by TBV prior to further analysis as consisted with
prior research [45], in order to account for varia-
tion in hippocampal volume due to variation in brain
volume.

Clinical and cognitive data

All participants had demographic, cardiovascular
risk, and apolipoprotein E (APOE) genotyping data.
Demographic data included age, sex, and education.
Cardiovascular risk was assessed using pulse pressure
(systolic blood pressure – diastolic blood pressure)
as a proxy for arterial stiffness [46]. APOE �4 fre-
quency was determined by the number of �4 alleles
(0, 1, 2). Cognitive status (MCI or CU) was deter-
mined using actuarial neuropsychological criteria as
described previously [29, 30]. Briefly, among par-
ticipants without dementia per ADNI criteria [28],
age-, sex-, and education-adjusted Z-scores were
calculated using normative data from a ‘robust nor-
mal’ control group of participants who remained
cognitively normal throughout their participation in
ADNI. If participants demonstrated impairment on
two scores in one cognitive domain or on one score
across all three cognitive domains, they were clas-
sified as MCI (n = 151). Participants that did not
demonstrate these impairments were classified as
cognitively unimpaired (n = 435).

All participants completed neuropsychological
testing which included assessment of memory and
executive domains. The ADNI composite score for
memory (ADNI MEM) was derived from the Rey
Auditory Verbal Learning Test, ADAS-Cog word
list, Logical Memory, and Mini-Mental State Exam
[47]. The ADNI composite score for executive func-

tion (ADNI EF) was derived from Category Fluency,
Weschler Adult Intelligence Scale-Revised Digit
Symbol Substitution, Digit Span backwards, Clock
Drawing, and Trails A and B [47]. As such, the
ADNI EF composite is a broad measure of execu-
tive function, including measurement of processing
speed (Trails A) [48]. Further detail on the devel-
opment of ADNI MEM and ADNI EF is available
online (http://www.adni.loni.usc.edu). While all par-
ticipants had data available for either ADNI MEM
or ADNI EF (NTotal = 586), not all participants had
data available for both measures (NADNI MEM = 584;
NADNI EF = 582). Participants with missing data were
not included in the analyses of the corresponding
cognitive outcome variable.

Statistical analysis

Four general linear models were employed. The
first set of models tested the interaction between A�-
PET CL and both the linear and quadratic effects
of global WMH volume on executive function and
memory, while controlling for Braak III/IV tau-PET
SUVR. A quadratic effect of global WMH was
included due to literature which has suggested that
negative effects of WMH on cognition may only
occur at greater levels of WMH, such that there may
be a possible threshold effect [49, 50]. The second set
of models tested the interaction between Braak III/IV
tau-PET SUVR and both the linear and quadratic
effects of global WMH on executive function and
memory, while controlling for A�-PET CL. All mod-
els additionally controlled for age, sex (recorded as
male or female), education, pulse pressure, APOE
�4 frequency, and the main effects of the WMH
and PET variables. Results were considered statisti-
cally significant at p < 0.05. All continuous variables
were z-scored for each analysis. Each model was
assessed for influential values using the deleted fit
statistic, and models were tested with and without

cases which exceeded an absolute value of 2
√

p
n

,

where p represents number of model parameters and n
is sample size [51]. If significant results were driven
by a single participant deemed most influential via
the deleted fit statistic, then results were reported
with this participant excluded in order to ensure only
robust findings are reported. Additionally, reported
models were tested for heteroskedasticity using the
Breusch-Pagan/Cook-Weisberg and White’s test for
heteroskedasticity. If a model was determined to
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have heteroskedasticity via one of these tests, use
of robust standard errors confirmed that findings of
interest were robust. Finally, supplemental sensitivity
analyses were run whereby hippocampal volume nor-
malized by TBV was added to the reported primary
models.

All analyses were performed using the Statistical
Package for the Social Sciences (SPSS) version 27
(SPSS IBM, New York, USA), Stata/SE 13.0 and R
version 4.0.2.

RESULTS

Demographics

Descriptive information of demographics, clinical,
and imaging characteristics are reported in Table 1.
The mean age of the sample was 73.4 years, and
53.9% of the sample was female. The sample was
predominantly white (91.1%) and highly educated,
with a mean education of 16.6 years.

Correlations between model predictors

Significant bivariate correlations were found
among several predictor variables. A correlation
panel for all predictors is available in Supplementary
Table 1).

WMH volume by Aβ-PET centiloids interaction
on executive function

Independent of Braak III/IV tau-PET SUVR, there
were no significant interactions between centiloids
and either the linear or quadratic main effect of
WMH volume on executive function (�stds≤|0.071|,
ps ≥ 0.068) (Table 2, Fig. 1B). Despite this inter-
action being non-significant, examination of simple
slopes (SS) demonstrated that centiloids were not
significantly associated with executive function at
average and lower (-1 SD) levels of WMH volume
(SSs≤|0.065|, ps ≥ 0.201), but that centiloids were
associated with executive function at higher (+1 SD)
levels of WMH (SS=-0.12, p = 0.019) (Fig. 1B). In
this model, Braak III/IV tau-PET was significantly
associated with executive function (�std=-0.225,
p < 0.001). Results remained qualitatively similar
when adding hippocampal volume to the model (Sup-
plementary Table 2).

WMH volume by Aβ-PET centiloids interaction
on memory

Independent of Braak III/IV tau-PET SUVR, there
was a significant interaction between centiloids and
the quadratic effect of WMH volume on memory
(�std=0.063, p = 0.021) (Table 2). Examination of
simple slopes suggested that greater A� burden was
associated with poorer memory at both average (SS=-
0.147, p = 0.003) and higher levels of WMH burden
(+1 SD; SS = -0.120, p = 0.018), but not at low lev-
els of WMH burden (-1 SD; SS = -0.047, p = 0.440)
(Fig. 1B). Notably, while effects at both higher and
average levels of WMH burden were statistically sig-
nificant, the magnitude of effect was found to be
greater at the average level of WMH burden compared
to higher level of WMH burden. In this model, Braak
III/IV tau-PET was significantly associated with
memory (�std=-0.263, p < 0.001). Results remained
qualitatively similar when adding hippocampal vol-
ume to the model (Supplementary Table 2).

WMH volume by tau-PET SUVR interaction on
executive function

Independent of centiloids, there were no signif-
icant interactions between Braak III/IV tau-PET
and either the linear or quadratic main effect of
WMH volume on executive function (�stds≤|0.026|,
ps ≥ 0.561) (Table 3). Tau-PET was significantly
associated with executive function at both higher (+1
SD), average, and lower (-1 SD) levels of WMH vol-
ume (SSs≤-0.193, ps ≤ 0.004) (Fig. 2A). Centiloids
were not significantly associated with executive func-
tion in this model (�std=-0.065, p = 0.125). Results
remained qualitatively similar when adding hip-
pocampal volume to the model (Supplementary
Table 3).

WMH volume by tau-PET SUVR interaction on
memory

Independent of centiloids, there were no significant
interactions between Braak III/IV tau-PET and either
the linear or quadratic main effect of WMH volume
on memory (�stds≤|0.064|, ps ≥ 0.169) (Table 3).
Tau-PET was significantly associated with memory
at both higher (+1 SD), average, and lower (-1 SD)
levels of WMH volume (SSs≤-0.215, ps < 0.001)
(Fig. 2B). Centiloids were also significantly asso-
ciated with memory in this model (�std=-0.091,
p = 0.026). Results remained qualitatively similar
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Table 1
Participant demographic, clinical and imaging characteristics

Total [n = 586]

Age, y 73.4 ± 7.34
Sex (% Female) 53.9%
Education, y 16.6 ± 2.44
Pulse Pressure, mmHG 58.8 ± 14.76
Race

American Indian or Alaskan Native (%) 0.3%
Asian (%) 1.2%
Native Hawaiian or Other Pacific Islander (%) 0%
Black or African American (%) 5.5%
White (%) 91.1%
More than one race (%) 1.7%
Unknown (%) 0.2%

Ethnicity
Hispanic or Latino 4.9%
Not Hispanic or Latino 94.5%
Unknown 0.5%

APOE �4
0 alleles (%) 64.0%
1 allele (%) 30.7%
2 alleles (%) 5.3%

MCI (%) 25.8%
ADNI MEM 0.810 ± 0.674 [n = 584]
ADNI EF 0.905 ± 0.904 [n = 582]
A� Centiloids 26.7 ± 37.5
Braak III/IV Tau-PET SUVR 1.49 ± 0.261
WMH Volume, cm3 4.98 ± 9.65

All continuous numerical data are presented as mean ± SD [subgroup with data available].
WMH volume was normalized by total brain volume and natural log-transformed prior
to further analysis. MCI indicates whether patients were considered to have mild cog-
nitive impairment as opposed to being cognitively unimpaired. Race indicates patients’
self-reported race, while ethnicity indicates whether patients reported being of Hispanic
or Latino ethnicity. MCI, mild cognitive impairment; PET, positron emission tomography;
SUVR, standardized uptake value ratio; WMH, white matter hyperintensity.

when adding hippocampal volume to the model (Sup-
plementary Table 3).

DISCUSSION

In this cross-sectional study of older adults without
dementia, A� interacted with the quadratic effect of
WMH burden to influence memory independent of
tau. A� was associated with memory at average-to-
high levels of WMH burden, but not at lower levels of
WMH burden. In contrast, A� did not interact with
either the linear or quadratic effect of WMH burden
to influence executive function independent of tau.
Furthermore, tau did not interact with either the lin-
ear or quadratic effect of WMH burden to influence
cognition independent of amyloid.

These findings suggest that A� and cerebrovascu-
lar pathologies interact synergistically to influence
cognition. These results are consistent with previ-
ous findings which support a synergism between
these pathologies on concurrent cognition, cognitive

decline, and cognitive status [11–15]. However, not
all studies have supported this synergistic effect [10,
16–18, 20–23]. Results of one study even suggested
a possible antagonistic effect such that among indi-
viduals with a major vascular cognitive disorder, A�
positivity was associated with better cognition, while
A� status did not affect cognition among individu-
als with a mild vascular cognitive disorder. However,
this pattern of results may be related to differences
in location and type (e.g., infarcts versus WMH) of
cerebrovascular disease biomarker between the A�-
positive and -negative groups [52]. Importantly, these
previous studies did not account for tau pathology,
which is known to have a robust effect on cogni-
tion. Indeed, the main effect of tau on cognition
was stronger than the interaction between A� and
WMH volume on cognition. Still, the synergistic
effect reported in the present study was found to be
significant regardless of tau-PET level. While a prior
study that accounted for CSF p-tau found no interac-
tion between CSF A� and WMH on progression to
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Table 2
Model parameters of the A� centiloids by WMH volume interactions

Executive Function Memory
[n = 581*] [n = 584]

Estimate SE p Estimate SE p

(Intercept) 0.011 0.064 0.865 –0.260 0.062 <0.001
Age –0.242 0.043 <0.001 –0.091 0.042 0.031
Sex

Male – – – – – –
Female 0.183 0.073 0.012 0.640 0.070 <0.001

Education 0.211 0.036 <0.001 0.240 0.034 <0.001
APOE �4

0 alleles – – – – – –
1 allele 0.044 0.082 0.596 –0.006 0.079 0.938
2 alleles –0.573 0.167 0.001 –0.482 0.160 0.003

Pulse pressure –0.020 0.037 0.588 –0.016 0.036 0.657
Braak III/IV tau–PET SUVR –0.225 0.040 <0.001 –0.263 0.039 <0.001
A� Centiloids –0.065 0.051 0.201 –0.147 0.049 0.003
WMH volume (linear) –0.150 0.043 <0.001 –0.154 0.041 <0.001
WMH volume (quadratic) –0.084 0.024 <0.001 –0.053 0.023 0.019
A� Centiloids by WMH volume (linear) –0.071 0.039 0.068 –0.037 0.037 0.320
A� Centiloids by WMH volume (quadratic) 0.013 0.029 0.648 0.063 0.027 0.021

*When assessing for influential values using the deleted fit statistic (see Methods), the results of this model were unduly
driven by a single participant. Therefore, this participant was excluded from this model. PET, positron emission tomography;
SUVR, standardized uptake value ratio; WMH, white matter hyperintensity.

Fig. 1. The effects of A� centiloids on cognition at varying levels of white matter hyperintensity burden. A) A� burden does not interact
with either the linear or quadratic effect of white matter hyperintensity volume to effect executive function. B) A� burden interacts with the
quadratic effect of white matter hyperintensity volume to effect memory, independent of tau-PET.

MCI among cognitively unimpaired participants [26],
another study found a tau-PET-independent interac-
tion between A�-PET and clinical group (subcortical
vascular cognitive impairment versus AD-related
cognitive impairment) on cognitive decline [25].
Such variability in findings of synergistic or addi-
tive effects between A� and cerebrovascular disease
may be dependent on whether tau burden is accounted
for, the clinical characteristics of the sample, and the
operationalization of cerebrovascular disease and A�
burden. Biomarker modality is likely another contrib-
utor to mixed findings, and future studies should seek
to compare synergistic associations using both CSF
and PET markers in a given sample.

Importantly, our findings differed by cognitive
domain. A� interacted with the quadratic effect of
WMH volume to affect memory, but A� did not
interact with either the linear or quadratic effect of
WMH volume to affect executive function. These
results suggest that the degree to which WMH volume
affects the relationship between A� and memory is
further dependent on level of WMH severity. In turn,
the effect of A� on memory was not significant at
low levels of WMH burden but was significant and
strongest at a mid-level of WMH burden, and signifi-
cant but weaker at higher levels of WMH burden. This
suggests that the synergistic effect of the two patholo-
gies plateaus at high levels of WMH. Prior work
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Table 3
Model parameters of the tau-PET by WMH volume interactions

Executive Function Memory [n = 583*]
[n = 582]

Estimate SE p Estimate SE p

(Intercept) –0.012 0.064 0.849 –0.270 0.062 <0.001
Age –0.246 0.044 <0.001 –0.083 0.042 0.048
Sex

Male – – – – – –
Female 0.198 0.073 0.007 0.639 0.070 <0.001

Education 0.210 0.036 <0.001 0.233 0.034 <0.001
APOE �4

0 alleles – – – – – –
1 allele 0.046 0.083 0.579 –0.009 0.079 0.910
2 alleles –0.515 0.166 0.002 –0.435 0.159 0.006

Pulse pressure –0.019 0.037 0.607 –0.034 0.035 0.336
A� Centiloids –0.065 0.043 0.125 –0.091 0.041 0.026
Braak III/IV tau–PET SUVR –0.228 0.047 <0.001 –0.316 0.044 <0.001
WMH volume (linear) –0.154 0.043 <0.001 –0.148 0.041 <0.001
WMH volume (quadratic) –0.077 0.025 0.002 –0.053 0.024 0.025
Tau–PET by WMH volume (linear) –0.026 0.045 0.561 0.064 0.046 0.169
Tau-PET by WMH volume (quadratic) 0.009 0.035 0.801 0.038 0.035 0.282

*When assessing for influential values using the deleted fit statistic (see Methods), the results of this model were unduly
driven by a single participant. Therefore, this participant was excluded from this model. PET, positron emission tomography;
SUVR, standardized uptake value ratio; WMH, white matter hyperintensity.

Fig. 2. The effects of tau-PET on cognition at varying levels of white matter hyperintensity burden. There is no amyloid-independent
interaction between tau-PET and either the linear or quadratic effects of white matter hyperintensity volume on either (A) executive function
or (B) memory.

examining the interactive effects of cerebrovascular
disease and A� on specific cognitive domains has
resulted in mixed findings, with some studies show-
ing a synergistic influence on executive function and
attention [13], semantic word fluency decline [14],
and visuospatial function [11]. Other studies have
found no synergistic effect on domain-specific cog-
nition or cognitive decline [10, 16, 18–22], including
memory, and even an antagonistic effect on attention
and executive function [52]. Given this variability
in findings by domain, future studies should seek
to better elucidate interactive effects of cerebrovas-
cular disease and A� on distinct cognitive domains
both cross-sectionally and longitudinally, including
considering potential quadratic effects of WMH vol-

ume, which, to our knowledge, has not been reported
previously.

The mechanisms by which the interaction between
A� and cerebrovascular disease affect memory inde-
pendent of tau remains unclear. Synergistic effects
between WMH and A� have been associated with
reduced hippocampal volume in older adults without
dementia [53], suggesting that neurodegeneration is
a potential mechanism by which cognition may be
affected. However, our sensitivity analyses includ-
ing hippocampal volume as an additional predictor
demonstrated that this did not account for the syn-
ergistic effects in our analyses. Effects of WMH on
memory may also be a result of white matter tract dis-
ruption and functional network alterations [54, 55],
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though it is unclear to what degree A� may further
potentiate those effects. Future work should seek to
design and test mediation models to better understand
what mechanisms drive the effects of interaction of
amyloid and cerebrovascular disease on cognition.
Additionally, cerebrovascular lesions are thought to
result from injury due to vascular risk factors. Stud-
ies of vascular risk have reported results consistent
with a synergistic relationship with A�, including
synergistic effects on longitudinal cognitive decline
and both cross-sectional and longitudinal atrophy in
cognitively normal participants [56–58]. These stud-
ies suggest that vascular risk may interact with A�
through mechanisms other than WMH which could
include lesions not captured by conventional MRI,
such as microinfarcts or blood-brain barrier dysfunc-
tion. However, in our study, the synergistic effects
between WMH and A� on memory were discov-
ered while adjusting for vascular risk measured by
pulse pressure, suggesting that this cannot be fully
accounted for by arterial stiffening. It will be impor-
tant for future studies to examine the differential
effects of cerebrovascular disease and vascular risk
on cognition, and their interaction with AD biomark-
ers. Overall, these results are supportive of moving
on from the A� hypothesis given that A� alone does
not appear to sufficiently account for AD-related cog-
nitive impairment.

Finally, our study found no interaction between
WMH volume and tau-PET on cognition, such that
the effect of tau on cognition was significant at all
levels of WMH volume. These results are consistent
with previous investigations which found no interac-
tion between WMH volume and CSF p-tau on either
cognition in young onset dementia [10] or risk of cog-
nitively normal older adults progressing to MCI [26],
suggesting that the effects of cerebrovascular disease
and tau are likely additive rather than synergistic.
However, another study has reported differing results,
finding that tau does interact with cerebrovascular
disease to impact clinical outcomes independent of
A� [25]. Furthermore, an interaction between tau and
vascular risk on 1-year memory performance has also
been reported [59]. Ultimately, these results further
highlight the need for future research disentangling
cerebrovascular disease and vascular risk, and how
they may interact with AD pathology.

This study had several limitations. First, this
sample consisted of mostly white, highly educated
individuals, thereby having a substantial lack of racial
and ethnic diversity. Future research is needed to
improve generalizability of these results by including

participants with greater diversity in race, ethnic-
ity, and educational attainment. Similarly, given the
inclusion/exclusion criteria of ADNI [28], this sam-
ple had low vascular risk burden overall, and future
research should seek to investigate the role that vascu-
lar risk burden may play in the relationships between
AD and cerebrovascular biomarkers on cognition.
Furthermore, the present study examined total WMH
volume only. However, prior research has suggested
that particular regions of WMH may be most robustly
associated with AD [60], and it is worth investigating
interactive effects of AD biomarkers with regional
WMH volume. Finally, WMH volume may reflect
pathologies other than small vessel disease [61],
including some degree of Wallerian degeneration as
a result of AD pathology [62]. Relatedly, WMH does
not necessarily capture other measures of small ves-
sel disease, including microbleeds, lacunes, and other
features that are not currently readily assessed via
MRI [61]. Therefore, future research should seek to
disentangle the pathologies represented by WMH and
their associations with cognition, as well as investi-
gate additional measures of small vessel and other
cerebrovascular disease.

This study had several strengths. We utilized a rel-
atively large sample with multimodal imaging data
available across both cognitively unimpaired and
MCI participants. Additionally, the use of continu-
ous measures of imaging biomarker data allowed for
modeling of quadratic effects of WMH and is gen-
erally thought to increase statistical power. Finally,
a strength of our study was the examination of
both memory and executive function. To the best of
our knowledge, this is the first study to investigate
whether WMH volume moderates the independent
association between each AD biomarker and mul-
tidomain cognition. Still, future work should seek
to examine these associations in relation to addi-
tional and more precise cognitive domains, including
domains such as processing speed, visuospatial func-
tion, and language.

These findings highlight the value of incorporat-
ing vascular pathology into the biomarker assessment
of AD. Given both the frequency of mixed brain
pathologies [7] and the fact that many cohort stud-
ies and clinical trials tend to exclude mixed AD and
cerebrovascular pathologies, future research should
seek to better understand their combined effects. Fur-
thermore, these findings suggest that prevention of
cerebrovascular injury may attenuate the negative
effects of A� on cognition. Both vascular and AD
pathologies should be considered in the development
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of future treatment targets, including modifiable risk
factors of cerebrovascular disease.
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